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CHAPTER 1.  LITERATURE REVIEW 
Introduction to Fairways 
New England contains 17% of all the golf facilities in the United States of America; 
accounting for 16% of the total golf course acreage in the country (GCSAA, 2015) Fairways 
represent the largest fraction of intensively maintained turfgrass on golf courses with 11 hectares 
for an average 18-hole course in the northern US (Gelernter et al., 2017). Fairways are loosely 
defined as the area between the tee and the putting green (Beard, 2002; USGA, 2019). 
Turfgrass species for fairway use is regionalized. Warm-season fairways are 
predominantly bermudagrass (Cynodon dactylon L.) consisting of 93% of warm-season golf turf 
acreage in 2015 (Gelernter et al., 2017). However, cool-season species represent the majority of 
turfgrass with two-thirds of all golf turf acres in 2015 (Gelernter el al., 2017). Cool-season 
fairways consist of a variety of different turfgrass species including bluegrasses (Poa spp.), 
bentgrasses (Agrostis spp.), fescues (Festuca spp.) and ryegrasses (Lolium spp.); all of which are 
tolerant of fairway height of cut (Gelernter et al., 2017). In the Northeast, creeping bentgrass 
(Agrostis stolonifera L.) is the most common fairway species, covering 45% of all acres, 
followed by annual bluegrass (Poa annua L.) with 23% in 2015 (GCSAA, 2017). However, 
many fairways are maintained as polycultures of multiple turfgrasses (Beard, 2002). 
Characteristics associated with high quality fairways include firmness, density, 
uniformity, smoothness and resilience (Beard, 2002). Consistent ball-lies are an important 
function for high quality fairways and are generally influenced by morphological plant 
differences and management conditions (Cella et al., 2004). In addition to fairway species 




Management regimes for fairways vary between courses. Mowing frequency is 
influenced by species, fertility and irrigation (Beard, 2002). Height of cut for fairways is 
generally between 0.9-1.27 cm for most courses (Oatis, 2019). Optimal fertility programs can 
enhance turf performance, however over application can encourage thatch accumulation, excess 
vegetative growth and impede play (Meentemeyer and Whitlark, 2016). Moreover, excessive 
fertilization can potentially contribute to eutrophication of waterways and other environmental 
hazards when applied in excess (Rice et al., 2018).  Fairway fertilization is usually applied 
granularly due to their large area and application infrequency. Liquid fertilizers are preferred by 
some facilities to increase application accuracy (Gilhuly, 2014). However, frequent fertility on 
fairways can be costly with liquid applications ranging from $17 - $112 per acre depending on 
formulation at 0.15 lb. N/1000 ft2 (Meentemeyer and Whitlark, 2016). Fairways which can 
maintain quality and function at infrequent fertility levels may reduce costs overtime.  
Thatch forms when the stolons, roots and stems produced by the turfgrass decomposes 
slower than it is produced (Couillard and Turgeon, 1997). Without practices to manage thatch 
accumulation, the turf surface can lose quality and playability may suffer (McCarty et al., 2007). 
Physical removal methods of thatch such as core cultivation or verticutting are effective but 
disrupt play and temporarily impede the playing surface (McCarty et al., 2007). Topdressing is 
often the most effective way of limiting thatch accumulation without aggressive cultivation 
(McCarty et al., 2007; McCarty et al., 2005). However, frequent fairway topdressing can be 
costly, requires long-term commitment and may not be an option for every course (Skorulski et 
al., 2010). 
Golf courses have not yet been affected by the recent movement towards pesticide and 
fertilizer limitations on lawn and ornamental turf, with bans in place in several states as well as 
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Canada (Miller, 2012), (Ontario Regulation 63/09), (County Council, Montgomery Maryland). 
Therefore, with increasing public concern, there is incentive to implement fairway species which 
require less irrigation, pesticide and fertility inputs to increase environmental stewardship and 
reduce costs.  
Management can be intensive, especially when cultivating turfgrass in sub-optimum 
conditions. This can lead to increased costs, labor and inputs. New opportunities for 
sustainability can be achieved by planting cultivars designed with increased abiotic and biotic 
stress tolerances. This may be achieved by reducing fungicide application rates or increasing 
intervals through the use of disease tolerant cultivars. Drought tolerant cultivars can lower 
overall water usage, especially when planted on fairways which encompass multiple acres of 
irrigated turfgrass. By utilizing cultivars which require low inputs, weeds, diseases and pests may 
be significantly reduced. The impact of implementing new cultivars can be further emphasized 
by the large acreages of maintained turfgrass on fairways.  
  
Creeping bentgrass 
Creeping bentgrass (Agrostis stolonifera L.) is a cool-season stoloniferous turfgrass used 
predominantly on greens, tees and fairways (Fry and Huang, 2004). When maintained as golf 
turf, creeping bentgrass can have high turf quality and good playability due to its dense 
stoloniferous growth habit, uniformity and upright leaf structure (Beard, 1973). The landmark 
cultivar for CBG, ‘Penncross’, was released from Pennsylvania State University in 1954 and was 
widely seeded until the 1990’s (Warnke, 2003). Since the 1980’s, breeding efforts have focused 
on tolerance to decreased mowing heights, increased quality and improved abiotic and biotic 
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stress tolerances (Cook, 2008). These efforts have led to significant improvements in creeping 
bentgrass turf performance, and potential for improved sustainability.   
  
Drought Tolerance 
Drought resistance is characterized by avoidance, tolerance or escape of unfavorable 
conditions (Beard, 2002). Drought resistance is not characterized by a single trait or mechanism. 
Instead it is the combination of physiological mechanisms and environmental factors which 
promote survival (Nilsen and Orcutt, 1996). Creeping bentgrass accommodates drought stress 
through avoidance traits such as root elongation which is exhibited by more drought resistant 
cultivars like ‘Penn A-4’ (McCann and Huang, 2008).  
Water use on golf courses in the Northeast region decreased 19% from 2005 to 2013 due 
to conservation efforts and improved water use efficiency (i.e. hand watering, utilizing recycled 
water, applying wetting agents and keeping turf drier than in the past) (GCSAA, 2015). 
However, further reductions in irrigation inputs may be achieved by implementing drought 
tolerant cultivars on golf course fairways.  The median irrigated fairway acreage is 10.1 ha per 
18-hole course (GCSAA, 2015). This accounts for nearly 80% of all irrigated turfgrass on golf 
courses (Throssell et al., 2009).  When accounting for the large acreage of fairways, 
implementing drought tolerant cultivars can improve environmental efforts and reduce costs. 
Deficit irrigation practices conserve water by replacing only a portion of the 
evapotranspiration required while maintaining acceptable turf performance. Cultivars which can 
maintain turf quality under deficient irrigation could potentially reduce water needs across large 
acreages such as fairways. A field study which compared bentgrass species found that total 
evapotranspiration replacement could be reduced to 60-80% during periods of summer stress and 
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40% during more optimal (i.e., cooler temperatures) conditions for colonial, velvet and creeping 
bentgrass (DaCosta and Huang, 2006). A greenhouse study comparing 8 separate CBG cultivars 
found that ‘007’, ‘Pro-as 7’ and ‘Declaration’ retained the greatest turf quality compared to 
‘Penncross’, ‘Shark’, ‘Tyee’, ‘Kingpin’ and ‘L-93’ when irrigation was withheld for 21-d 
(Jespersen et al., 2013). A separate study found that ‘Penn A-4’ had 25% greater root biomass 
compared to ‘Penncross’ regardless of season or cultural practices which suggests higher 
capability for drought tolerance (Lyons et al., 2011). These studies demonstrate differences 
between new cultivar performance under increased drought tolerance compared to old cultivars 
and suggest that establishing new cultivars could improve water use efficiency and reduce golf 
course water use. 
  
Disease Tolerance 
Creeping bentgrass is susceptible to a variety of diseases. Dollar spot (caused by 
Clarireedia jacksonii sp. nov.), is purportedly one of the most economically important diseases 
of CBG and other cool-season fairway turf due to its persistence, adaptability to a variety of 
hosts and ability to cause damage quickly to the turf stand (Walsh et al., 1999). Dollar spot 
control is largely based on fungicide applications. However, season-long control can be costly, 
require increased maintenance and may have human and environmental impacts (Smith et al., 
2018; Goodman and Burpee, 1991). Creeping bentgrass cultivars differ in susceptibility to dollar 
spot. Although complete resistance does not exist, genetic resistance is the best way to reduce 
fungicide applications for dollar spot in creeping bentgrass systems (Warnke, 2003). 
Several studies across multiple regions have focused on dollar spot tolerance of creeping 
bentgrass cultivars. A field study in Maryland found that ‘Crenshaw’ and ‘Backspin’ CBG 
6 
 
cultivars had significantly greater area under the disease progress curve than ‘Penncross’, ‘L-93’, 
‘Providence’ and ‘007’ during the May-July infection period (Ryan et al., 2012). A field study 
across several locations with twenty-five cultivars in the central United States found ‘Kingpin’ 
and ‘Memorial’ consistently had the lowest area under the disease progress curve across 
locations, regardless of height of cut and management regime (Thompson et al., 2019). A field 
study in Wisconsin, compared eight CBG cultivars and showed that despite all cultivars having 
dollar spot foci indicating infection, ‘Declaration’ and ‘Memorial’ had significantly less foci than 
‘Penncross’ and the other cultivars demonstrating tolerance (Koch and Kerns, 2012). A field 
study in Texas found that blending dollar spot tolerant cultivars with susceptible cultivars 
reduced dollar spot infections compared to monostands of the susceptible cultivar with ‘L-93’ as 
the most resistant in that study (Abernathy et al., 2001). These studies demonstrate that creeping 
bentgrasses differ among their tolerance of dollar spot, and that use of tolerant cultivars may 
reduce dollar spot pressure, and potentially fungicide use.  
  
Heat Tolerance 
Establishing heat tolerant turfgrass cultivars can reduce losses in turf cover and quality 
during periods of summer stress. Heat stress for cool-season turfgrass is characterized by 
supraoptimal temperatures for growth ranging between 18-24˚C for shoot growth, and 10-18˚C 
for root growth (Beard, 1973). A combination of physiological and biochemical responses within 
the plant contributes to a loss in turf quality due to summer stress and heat (Carrow, 1996). Heat 
stress effects CBG by reducing photosynthesis, membrane stability and enzyme activity (Liu and 
Huang, 2008), reducing shoot growth (Huang et al., 1998) and, reducing new root production 
and growth (Huang and Liu, 2003). However, creeping bentgrass can acclimate to heat stress. A 
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growth chamber study showed ‘Penncross’ CBG was able to retain greater rubisco activity when 
allowed to acclimate at increasing temperatures between 20˚C to 40˚C over seven days compared 
to plants immediately transferred to 40˚C (Liu and Huang, 2008).  
Cultivars of CBG exhibit differing responses to heat stress. A greenhouse study of nine 
CBG cultivars, including a variety of newer for the time, (‘L-93’) as well as standard cultivars 
(‘Penncross’), found that there were no turf quality differences amongst cultivars exposed to 
increased soil temperatures up to 35°C (Pote et al., 2006). A field study in Kansas between four 
CBG cultivar’s found differences to be inconsistent; however, ‘Penncross’ showed less new root 
production then the other cultivars and had greater root mortality during periods of summer 
stress (Huang and Liu, 2003). A greenhouse study between eight cultivars showed that 
‘Declaration’, ‘L-93’, ‘Tyee’ and ‘007’ had significantly greater turf quality, chlorophyll content 
and maximum fluorescence compared to ‘Penncross’, ‘Shark’, ‘Kingpin’ and ‘Pro-as 7’ 
(Jespersen et al., 2013). Based on the literature, it appears improved creeping bentgrass cultivars 
have occasionally provided improved performance under heat conditions, however these effects 
seem inconsistent across studies. 
 
Annual bluegrass 
Annual bluegrass is generally thought of as a weed despite its ability to establish readily 
and thrive in low-mowing environments (Beard, 1973). As an adaptable and highly prolific 
species, it has been found on every continent including Antarctica (Wódkiewicz et al., 2014). It 
can be cultivated and maintained when management programs are adjusted to fit its needs 
(Beard, 1973). Annual bluegrass exhibits great genetic fluidity with many different ecotypes 
having evolved to adapt to unique climates (Vargas and Turgeon, 2004). The perennial ecotypes 
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are more commonly found in putting green environments with lower heights of cut and more 
intense cultivation regimes (Lush, 1989). The annual ecotypes are more commonly found in 
fairway or rough systems (Lush, 1989).  Annual bluegrass is characterized with poor abiotic and 
biotic stress tolerances when compared with other turfgrasses, including drought (Carroll, 1943), 
disease (Beard, 1973) and heat tolerance (Wehner and Watschke, 1981). Therefore, it often 
requires more fertilizer, irrigation and fungicidal input to maintain acceptable turf quality under 
high stress conditions. If care is taken to limit ABG death in the summer months such as in 
greens-systems, the ecotypes are fluid and can change to perennial-types under the selection 
pressures (Lush, 1989).  
Annual bluegrass and creeping bentgrass within mixed systems compete with each other 
seasonally with changing populations dependent on environmental conditions (Lush, 1989). 
Seasonal growth of ABG shows a trimodal growth pattern, due to the flush of growth associated 
with spring flowering, that differs from other cool-season turf species, and results in decreased 
root growth during flowering in annual ecotypes (Vargas and Turgeon, 2004). Annual bluegrass 
is a common invader of intensively managed systems due to its tolerance of low mowing heights 
and prolific seed production (Sprague and Burton, 1937; Beard et al., 1978). Implementing 
cultural practices to reduce soil moisture and irrigation input, may suppress ABG (Gaussoin and 
Branham, 1989). Establishing CBG cultivars that are more tolerant of lower nutrition, irrigation 
and fungicidal input may potentially disfavor ABG as well as save labor, inputs and money.  
 
Drought Tolerance  
The ABG life cycle is trimodal with decreased root growth in favor of flowering and 
seeding (Vargas and Turgeon, 2004). This leads to increased susceptibility to summer stress and 
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desiccation if not intensively maintained (Beard, 2002). Annual bluegrass has a high 
evapotranspiration rate relative to other common golf turf species grown in their ideal climate 
(Beard and Kim, 1989). In a greenhouse study, the annual, intermediate and perennial ecotypes 
had 70% losses in root biomass when subjected to 4% soil volumetric water content (Slavens, 
2011). However, at 8 and 12% volumetric water content, the perennial and intermediate forms 
did not have losses in root mass in greens-systems (Slavens, 2011). In one study from June to 
August, annual bluegrass decreased total root biomass by 25-30% compared to CBG which 
decreased 10-15% (Lyons et al., 2011). This reduction in root biomass suggests less tolerance to 
drought related stressors in ABG compared to CBG.  
  
Disease Tolerance 
Annual bluegrass is susceptible to a variety of different diseases including anthracnose 
(Collectotrichum cerale Manns.), summer patch (Magnaportheopsis poae Landschoot and N. 
Jackson), brown patch (Rhizoctonia solani Kühn) and dollar spot (Vargas and Turgeon, 2004). 
Disease control of ABG focuses primarily on management and cultural techniques (Beard, 
1973). Fungicides are predominately used in dollar spot management programs, however other 
cultural methods are available for control (Skorulski, 2014). Fungicide resistance is a concern 
when treating dollar spot with reported resistance in benzimidazoles, dicarboximides and DMI 
fungicides (Vargas and Turgeon, 2004).  
Although CBG is susceptible to a variety of diseases, breeding has focused greatly on 
increasing disease tolerance (Bonos, et al., 2006). Conversely, ABG lacks a history of successful 
breeding programs which focus on disease tolerance. Therefore, the primary methods of 
controlling and minimizing disease in ABG are through various cultural practices or with 
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fungicides (Vargas and Turgeon, 2004). This leads to greater costs for ABG compared to CBG 
due to application interval, rate and number of diseases treated. A cost-analysis of preventative 
fungicide programs for greens between ‘Penncross’ CBG and ABG found that ABG fungicide 
programs cost an additional $1,980-$3,140 compared to CBG per year (Bigelow and Tudor, 
2012). This difference would be larger with a more disease tolerant CBG cultivar since 
‘Penncross’ is known to have limited disease tolerance compared to other CBG cultivars (Ryan 
et al., 2012; Koch and Kerns, 2012). 
  
Winter stress Tolerance 
  Winter-stress tolerance is important in turfgrass species in New England due to the 
duration of cold-temperatures. All cool-season grasses demonstrate some ability for cold 
acclimation and hardiness (Sarkar et al., 2009). However, specific metabolic processes differ in 
cold acclimation and low temperature tolerance between species and cultivar (Alberdi and 
Corcuera, 1991; Sarkar et al., 2009). Without proper acclimation, the turfgrass can desiccate, 
especially during rapidly decreasing soil temperatures (Beard, 2002).  
Creeping bentgrass demonstrates cold acclimation ability with several metabolic and 
biochemical processes. A greenhouse study showed that CBG had a significant increase in amino 
acid concentration in response to a cold acclimation period at -2 ºC (Hoffman et al., 2014).  
Few studies compare CBG cold acclimation ability with other species or across cultivars. A 
study comparing velvet bentgrass to creeping bentgrass found no statistical difference in freezing 
tolerance between species (Espevig et al., 2011). However, a separate study comparing six 
species on putting greens found that velvet bentgrass had the best ice encasement tolerance 
surviving up to 119-d (Waalen et al., 2016).  
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Cold acclimation ability of ABG greatly varies between ecotype (Dionne et al., 2010). 
Differences in freezing tolerance were observed among ecotypes between countries, states and 
on the golf course level with ecotypes from two different greens from the same course in Quebec 
having a 7.4ºC difference in freezing tolerance (Dionne et al., 2010). These differences in 
tolerance are attributed to the management and environmental factors influencing the turf 
(Dionne et al., 2010).  
Compared to CBG, ABG accumulates less carbohydrates and has lower amino acid 
accumulation in response to cold acclimation compared to CBG in a controlled environment 
study (Hoffman et al., 2014). However, during non-acclimated conditions ABG accumulated 
significantly greater amino acids in comparison to CBG (Hoffman et al., 2014). This would 
suggest that greater winter-survival during average years, or those with an acclimation period is 
more likely in CBG than ABG. In a study of tiller ice encasement, 93% of ABG samples 
survived 23 days however were desiccated by 33 days in solid ice encasement (Aamlid et al., 
2009). A separate study found that ABG had the lowest survival rate out of six cool-season 
species, including CBG when looking at tiller ice encasement survival (Waalen et al., 2016). By 




Improvements in the stress tolerances of CBG cultivars have been demonstrated. By 
implementing new cultivars, turfgrass managers can potentially reduce chemical inputs, labor 
and costs. Planting new cultivars on fairways would affect the largest portion of intensively 
maintained turfgrass on golf courses (Gelernter et al., 2017). However, the establishment of new 
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cultivars requires significant commitment from the golf course. To implement newly developed 
creeping bentgrass cultivars, fairway renovations should be considered. 
Fairway renovation can be the most effective method for eradicating non-desirable turf 
species (Skorulski, 2013). It consists of eradicating the existing turfgrass, preparing a seedbed 
and then planting new turf species or cultivars. Renovations however, can be challenging and 
require significant contribution from the course. For a large project like renovating all fairways, 
course closure is necessary (Foy, 2001; Dernoeden, 1997; Skorulski, 2013). There is also 
significant cost associated with course renovation with a full 18-hole renovation in New York 
costing 7.66 million US$ (Carter, 2019). These costs are associated with the high value of new 
seed, as well as, fungicides, fertilizers, herbicides and labor as well as lost revenue associated 
with course closure (Dernoeden, 1997).  High irrigation input of newly seeded turf is also of 
concern in areas with strict water use laws (Chai et al., 2006). Despite these concerns, many 
courses are undertaking course renovations due to increased competition among courses for 
players and the cost-savings associated with implementing new cultivars (Carter, 2019). Previous 
research associated with creeping bentgrass and annual bluegrass fairway renovation in 
particular, has primarily focused on the influence of renovation timing, method of eradicating the 
existing turfgrass or herbicidal options.  
  
Renovation timing 
Golf course renovations have historically occurred in the late summer or fall for cool-
season turfgrass (Beard, 1973). Renovating at this time of year minimizes course closure during 
summer golf. Spring renovations that occur before summer play lack the warmer soil 
temperatures and suffer due to competition from weeds (Sprague and Evaul, 1937). However, 
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September or April attempts at overseeding CBG into established, mixed ABG and Kentucky 
bluegrass fairways for 3 years have demonstrated a lack of conversion success (≤ 3% CBG after 
three years) at these timings (Reicher and Hardebeck, 2002).  Moreover, early fall and spring 
renovations do not avoid the majority of ABG germination which can contaminate the newly 
seeded areas (Kaminski and Dernoeden, 2007).   
Renovations which occur before the end of August can result in greater CBG competitive 
success compared to September plantings in the Northeast. A study in New Jersey found less 
CBG cover when renovations occurred in September (33-58%) and October (39-53%) compared 
to June (80-83%) or August (73-74%) renovations (Murphy et al., 2005).  Low CBG populations 
in the September and October renovations led to greater ABG contamination the following 
spring. This reduction in ABG contamination associated with July and August renovations is due 
to the lack of ABG germination at temperatures above 21-27ºC (Beard et al., 1978; Sprague and 
Burton, 1937). An overseeding study in ABG fairways found September seedings to have more 
CBG at one month after seeding, but July seedings had more CBG one year after seeding (Henry 
et al., 2005). This suggests that although September may have better initial establishment due to 
avoidance of summer stress, July seedings have better long-term establishment. The researchers 
here also noted lower ABG contamination in July overseedings than September, which was 
attributed to greater soil temperatures inhibiting ABG (Henry et al., 2005).  
 
Regrassing strategies 
Regrassing methods can differ greatly depending on a variety of factors but not limited to 
course history, practitioner’s philosophy, species being planted, budget and region. Many reports 
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have been written with recommendations for fairway renovations (Foy, 2001; Dernoeden, 1997; 
Skorulski, 2013; Oatis, 2013).  
 
Overseeding & Interseeding   
Overseeding is synonymous with interseeding and occurs when practitioners seed into 
existing, living turf (Beard, 2002). It is often used as a method to introduce new cultivars into an 
existing stand (Dernoeden, 1997). It can be appealing to practitioners because it does not involve 
the eradication of the previous turf which reduces risk and minimizes disruption of play. 
Previous research into fairway conversion has found mixed success in ABG conversion to CBG 
turf using overseeding. A study in Indiana showed ≤ 3%CBG establishment when interseeded 
into a mixed ABG and Kentucky bluegrass fairway for three years (Reicher and Hardebeck, 
2002). A study in New Jersey found 5-45% establishment of ‘Penn A-4’ and 5-48% of ‘L-93’, 
whereas, ‘Penncross’ CBG established only 5-10% when all cultivars were overseeded into ABG 
greens (Henry et al., 2005). This suggests that newer cultivars have better competitive ability 
with ABG then older cultivars such as ‘Penncross’. Reicher and Hardebeck (2002) also surmised 
competition to be an important consideration in apparent greater success of overseeding CBG 
into perennial ryegrass fairways (36% CBG) relative to mixed ABG and Kentucky bluegrass 
fairways (≤ 3%).  Results for interseeding CBG for conversion are mixed with limited benefit 
except if overseeding in July or with a newer cultivar of CBG (Henry et al., 2005). However, 
even with newer cultivars CBG establishment was limited with up to 48% success. Regardless of 
success rate, interseeding requires multiple years of seeding and is not reliable without use of 






Plowing, tilling or physical turning of the soil has been used to create new seed beds or 
renovate golf courses for many years. By avoiding aggressive cultivation, time and money can be 
saved in the renovation process (Hartwiger, 2007). Instead of plowing, the turf is eradicated 
through fumigation, non-selective herbicides, aggressive aeration or sod removal (Hartwiger, 
2007). Utilizing herbicides to eradicate the existing turf stand can decrease closure times during 
fairway renovations by minimizing labor and the need to recontour playing surfaces post-tilling 
(Hartwiger, 2007). Chemically eradicating the existing turf prior to seeding increases the amount 
of CBG establishment when converting mixed CBG/ABG turf compared to overseeding (Bauer 
et al., 2012).  
 
Pre-plant eradicants for turf renovation 
 
Glyphosate 
Glyphosate is commonly used for fairway and greens renovations as a non-selective 
herbicide. Applying glyphosate allows for the eradication of the existing stand of turf; it is 
applied before cultivation and seedbed preparation. It works by inhibiting the 5-
enolpyruvoylshikimate-3-phosphate synthesis (EPSP inhibitor) which in turn inhibits amino acid 
synthesis (Amrhein, 1980). Current label recommendations for glyphosate suggest avoiding soil 
cultivation for 7-d after application to allow time for translocation throughout the plant. 
However, Miele et al., (2017) found that cultivation 1-7-d after application does not inhibit 
glyphosate efficacy on CBG fairway turf. 
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Glyphosate has been in use since 1974 and went off patent in the year 2000 (Franz,1974). 
Application recommendations for ABG are 0.46 kg ai L-1 in a carrier volume of 96 to 374 L ha-1  
(Anonymous, 2016) However, rates between 0.3-1.7 kg a.i. ha-1 which are higher than label rates 
were recommended to maximize percent control of CBG and ABG in a greenhouse setting (Goss 
et al., 2009). A study in Michigan and Minnesota found greater success in CBG conversion when 
interseeding into an ABG fairway with glyphosate compared to no glyphosate (Bauer et al., 
2012). The researchers found that greater glyphosate rates of 1.7-5.6 kg ha-1 resulted in better 
establishment of CBG and also assumed that rates greater then allowed on the label would 
further increase CBG establishment (Bauer et al., 2012).  
Despite effectiveness of glyphosate for reducing ABG, it does not target ABG seeds in 
the soil seedbank (Branham et al., 2004). This can be problematic because ABG produces a 
prolific amount of seed. Estimates for ABG seedbank size range between 104,000-168,00 viable 
seeds per m2 (Gaussoin and Branham, 1989; Lush, 1988). Without effective means for reducing 
the seedbank size, renovations may be unsuccessful.  
 
Dazomet 
Soil fumigation is the only practical method to reduce the ABG seedbank without tilling. 
Other methods such as solarization can be effective at reducing ABG seed 89-100% as seen in a 
field and greenhouse study in Oregon, with differences in efficacy due to temperature and depth 
of seed burial (Peachey et al., 2001).  
 Dazomet (3,5-dimethyl-1,3,5-thiadiazinane-2-thione) is used as a soil fumigant in golf 
course renovations. Dazomet is a granular formulation of methyl isothiocyanate (MITC), which 
is activated when it is dissolved in water following irrigation (USEPA, 2008). Since the majority 
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of the ABG seed is contained in the upper soil layer and thatch, only aeration is necessary to 
successfully incorporate the sterilant (Branham et al., 2004; Lush, 1988).  The highest label rate 
of 388 kg ha-1 of dazomet was found to be most effective at minimizing target weed germination 
during fairway renovations across several studies (Jeffries et al., 2017; Park and Landschoot, 
2003; Branham et al., 2004). Similar results have been found when renovating putting greens 
with rates between 340-388 kg ha-1 minimizing ABG seedlings (Landschoot et al., 2004). Tarps 
can be used to trap volatilized material and increase the efficacy of the product with one field 
study in Pennsylvania showing complete control of ABG seedling emergence when tarps were 
used to renovate putting greens (Landschoot et al., 2004). However, tarps are difficult to 
coordinate for the large acreages required for fairways. Applying glyphosate prior to dazomet 
application can increase efficacy of eliminating existing stoloniferous turf. A study evaluating 
bermudagrass control in zoysiagrass renovations found that applying glyphosate at 4.48 kg a.i. 
ha-1 three weeks before applying dazomet at 338 kg a.i. ha-1 decreased bermudagrass cover 65% 
compared to dazomet by itself at 15 weeks after establishment (Doroh et al., 2011).  
 The practicality and safety of fumigation are important considerations for its use. Label 
recommendations include a 48-hour reentry period for dazomet and seeding should not occur for 
14-d after application (Anonymous, 2011). This long reseeding period maybe problematic to 
courses who are trying to minimize course closure. However, research has shown that CBG 
establishment was uninhibited by dazomet application of 388 kg ha-1 when seeded 3-days after 
application (Park and Landschoot, 2003). This suggests seeding can occur sooner than the 14-d 





Post-seeding Herbicides for ABG Control 
Due to the competitive ability of ABG, herbicidal control is likely necessary to maximize 
establishment of desirable cool-season turf. Many selective herbicides have been tested for ABG 
control in ABG/CBG greens and fairways. Herbicidal control options are based on selectivity, 
application timing and efficacy on ABG which may be influenced by its great genetic variability 
(Koo et al., 2014). Many previous studies focused on golf greens and not fairways. Furthermore, 
persistent herbicide damage from the previous year may impede the recovery and 
competitiveness of the CBG the following spring which is important for the longevity of the 
renovation. Therefore, the safety and effectiveness of post-seeding herbicides is important to the 
success of a fairway renovation.  
 
Bispyribac-sodium 
Bispyribac-sodium [2,6-bis(4,6-dimethoxypyrimidin-2-yloxy)benzoate] is an acetolactate 
synthase inhibitor (WSSA, 2019). It has been used for ABG control in CBG and perennial 
ryegrass turf.  Its EPA registration is currently expired; however, it remains possible that it will 
be re-registered in the near future.  Research has shown the efficacy of bispyribac-sodium for 
ABG in established fairway turf.  A four-year study in the midwest found bispyribac-sodium to 
be extremely effective after 2 applications a year at 0.28 kg ha-1 and reduced ABG cover to 
below 5% compared to 14% cover in control plots in CBG/ABG fairway turf (Reicher et al., 
2017). A separate midwest study across multiple locations found ABG cover reduced from 70% 
at the initiation of the study to 8% after 2 applications a year at 0.14 kg ha-1 (Patton et al., 
2019). The effectiveness and selectivity of bispyribac-sodium against ABG is also dependent on 
environmental conditions.  
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Bispyribac-sodium is also known to cause phytotoxicity on CBG including stunting of 
growth, chlorosis and death under certain conditions (Lycan and Hart, 2006). Bispyribac-sodium 
produces a chlorosis of CBG which may last between 7 to 21 days after application depending on 
rate and plant maturity (Dernoeden et al., 2008; McCullough and Hart, 2009). High rates (0.22-
0.3 kg ha-1) caused more severe and prolonged phytotoxicity compared to low rates (0.04-0.15) 
(McCullough and Hart, 2009). A growth chamber study showed that CBG phytotoxicity was 
greater when bispyribac-sodium was applied at 10ºC compared to 30ºC (McCullough and Hart, 
2006). A field study found that bispyribac-sodium was injurious to CBG seedlings when applied 
at 2-4 (WASE; weeks after seed establishment) at rates between 0.025-0.15 kg ha-1 (Dernoeden 
et al., 2008). The authors attributed this to seasonally low temperatures with applications being 
made 6 Oct and 21 Oct (Dernoeden et al., 2008). Other field studies support this result and show 
reduced turf quality at 3 weeks after treatment for bispyribac-sodium at 0.074-0.15 kg ha-1 
applied in May or Oct compared to warmer months (Lycan and Hart, 2006).  
 
Paclobutrazol 
Paclobutrazol [(2RS, 3RS)-1-(4-chlorophenyl)-4,4-dimethyl-2- (1,2,4-triazol-l-yl) penta-
n-3-01] is a plant growth regulator which can be used for the selective suppression of ABG in 
ABG/CBG greens and fairways (Beard, 2002) It inhibits early gibberellic acid formation in the 
plant to reduce cell elongation (Patton et al., 2019). In particular, paclobutrazol blocks the 
cytochrome P450-dependent monooxygenases and inhibits oxidation of acids formed in 
gibberellic acid synthesis (Rademacher, 2000). It is commonly used to increase the competitive 
ability of CBG versus ABG through differential species suppression in mixed CBG/ABG stands 
over time and repeated applications (Koski, 1997). 
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Safety and effectiveness of paclobutrazol depends on region, rate and interval. Many 
studies have demonstrated the effectiveness and safety of paclobutrazol on established CBG 
putting green turf (Baldwin and Brede, 2011; Moss et al., 2012; Patton et al., 2019; Johnson and 
Murphy, 1995). Other studies have shown increased efficacy against ABG when applied in 
programs with pre-emergent herbicides (Neylan et al., 1997). 
Temperature also affected paclobutrazol performance in several studies. In Kentucky, 
spring and fall applications at the same rate and interval had similar ABG control, however, the 
spring applications had visible ABG chlorosis with warming temperatures (Woosley et al., 
2003). It was found to be more effective than ethofumesate when applied in the spring and 
summer months, regardless of rate or interval (Woosley et al., 2003). Conversely, a study in NJ 
did not find statistical treatment differences between season of application and paclobutrazol 
rate, however they did consistently have 30-40% greater ABG populations in the spring 
warranting greater application need (McCullough, 2005). Paclobutrazol was also safe on juvenile 
CBG with applications of 0.14 kg ha-1 at 4 WAS; weeks after seeding, not found injurious 
(Kaminski et al., 2004).  
               
Bensulide 
Bensulide (S-(0,0-diisopropyl phosphorodithioate) ester of N-(2-mercaptoethyl) is one of 
three pre-emergent herbicides available for ABG control in golf turf (Hart et al., 2004). Out of 
the available herbicides, it is arguably the safest for use in CBG turf (Hart et al., 2004). As a pre-
emergent herbicide, it is applied to target the non-germinated ABG seed, however it does not 




Previous research is mixed on the safety of bensulide on CBG turf. A study on CBG sod 
cut at putting green height found no injury to CBG or losses in coverage after two years of 
treatment with bensulide at various rates and intervals (Callahan and McDonald, 1992). 
Conversely, a field study on ‘L-93’ putting green turf reported 20% losses in root mass when 
bensulide was applied in the fall at 11 kg ha-1 (Hart et al., 2004). In newly seeded fairway turf, 
applications of bensulide applied 2 weeks after seed emergence at 8.4 kg ha-1 found no losses in 
CBG turf cover (Kaminski et al., 2004). However, applications at 14 kg ha-1 and applied at the 
same interval had 9% losses in cover compared to the no herbicide control (Kaminski et al., 
2004). This suggests the safety of bensulide on CBG turf is dependent on the age of the turf 
stand as well as rate of material applied. 
Previous research indicates bensulide efficacy is variable. A field study found bensulide 
on its own applied twice at 9.0 kg ha-1 did not reduce annual bluegrass cover compared to an 
untreated control (Askew and McNulty, 2014). Similarly, a separate study found 3 applications 
of bensulide across the growing season at 9.1 kg ha-1 also did not reduce ABG compared to the 
control (Bell et al., 1999). Older studies have reported 56-93% control with bensulide applied at 




Ethofumesate [(+/-)-2-[4[(6- chloro-2-benzoxazolyl)oxy]phenoxy]propanoic acid] is a 
lipid synthesis inhibitor (WSSA, 2019). A fairway study of perennial ryegrass overseeded hybrid 
bermudagrass (Cynodon dactylon L. Pers. x Cynodon transvaalensis Burtt Davy) found 92-100% 
ABG control when ethofumesate was applied at 1.1 kg ha-1, 30 days after overseeding (Cross et 
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al., 2012). Another study applying ethofumesate in May to pure stands of ABG, found that for 
adequate control (>70%) with a single application, 10.1 kg ha-1 would need to be applied, with 
3.4 kg ha-1 only providing 20% control (Meyer and Branham, 2006).  However, control of ABG 
by ethofumesate in CBG is challenging due to risk of injury to CBG and the low maximum label 
rate of 0.86 kg ha-1. A study in New York observed three applications of ethofumesate at 0.84 kg 
ha-1 applied at two-week intervals beginning in October reduced ABG 30% over 3 years 
although, CBG turf quality was also reduced compared to control (Rossi, 2001). In Kentucky, 
ethofumesate had little effect on ABG control, regardless of application timing (Woosley et al., 
2003). However, the same study reported marginally greater control of 3-5% if ethofumesate was 
applied monthly from Nov-May at 0.85 kg ha-1 (Woosely et al., 2003). 
Ethofumesate has reduced phytosafety if applied too early after seeding. A field study 
found that fall applications of ethofumesate at 0.84 kg ha-1 only achieved 42-54% CBG cover 
when applied at 2 weeks after seed emergence (Kaminski et al., 2004). In a field study 
investigating its use to control mature stands of CBG, only 4% control was achieved with a 
single application of 20.4 kg ha-1 with recovery noted by the end of the experiment (Meyer and 
Branham, 2006), suggesting that as long as applications are within label rates and on mature 
stands of CBG, sustained losses in turf cover and injury can be avoided. 
 
Research Rationale 
The decision to renovate fairways can be challenging for golf courses. The risks 
associated with closing the course during valuable playing time, eradicating multiple acres of turf 
and the costs associated with renovation can be intimidating. Multiple factors are associated with 
renovations which can influence not only the length of the renovation but the long-term efficacy 
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and success of the project. To best answer golf course practitioners questions surrounding 
renovations and to provide some guidance on how to maximize benefit, scientifically based best 
management practices are necessary. Although renovations have been previously studied, studies 
are generally narrow in scope. Recommendations for best management practices should be based 
on prior successful research practices which focus on a specific region. Therefore, our research 
objectives are to: 
 
i.) Identify best management practices for renovating golf courses fairways in New 
England and similar climates which focuses on the effect of differing eradication 
methods and post-seeding herbicides over several renovation timings which optimize 
CBG establishment and minimize ABG contamination. 
 
ii.) Evaluate recently developed creeping and colonial bentgrass entries and mixes to 
assess their performance as fairway turf and to quantify the total thatch and organic 
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Chapter 2. Fairway Renovation to Creeping Bentgrass Dependent on Month, Pre-plant Eradicant, 
and Post-seeding Herbicide Effects in the Northeastern United States 
Creeping bentgrass (CBG; Agrostis stolonifera L.) cultivars have recently been 
developed with improved environmental stress and disease tolerance for golf course fairways. 
Renovating fairways to use more sustainable grasses is uncommon due to challenges of 
successful establishment, and contamination by annual bluegrass (ABG; Poa annua L.). The 
objective of this study is to determine how renovation month, eradicant and herbicides can be 
best combined to convert fairways to new CBG cultivars with minimal ABG infestation. The 
study was conducted as a split-strip plot design arranged as a 2 × 3 × 7 factorial with four 
replicated blocks. Factors included eradicant (glyphosate-only or glyphosate + dazomet), 
renovation month (July, August, September) and post-renovation herbicides [bensulide (8.4 kg 
a.i. ha-1), ethofumesate (0.63 kg a.i. ha-1; 0.84 kg a.i. ha-1), bispyribac-sodium (0.04 kg a.i. ha-1, 
paclobutrazol (0.23 kg a.i. ha-1), bensulide + paclobutrazol (8.4 kg a.i. ha-1; 0.23 kg a.i. ha-1), and 
no herbicide]. In 2017, renovating in July resulted in 24% increase in CBG cover compared to 
August and September for glyphosate-only plots the following May, however in 2018, there was 
no significant difference between July and August renovation. In 2017 and 2018, September 
renovations had 24-27% less CBG established compared to July for glyphosate-only plots. In 
either year, there were no renovation month differences observed among dazomet applications. 
Bispyribac-sodium increased CBG 31-64% across both years, compared to no herbicide, 
regardless of renovation month or pre-plant eradicant. However, it lowered overall turf cover in 
September by 2 to 46%. Dazomet lessened herbicidal injury. Paclobutrazol and bensulide + 
paclobutrazol increased CBG 18-66% across all renovation months, except 2018 September, 
with these treatments having the greatest effectiveness during the July renovation. Bensulide had 
little effect on CBG populations in this study. Ethofumesate 0.63 kg ha-1 was the best option for 
post-seeding herbicide for the September renovation producing a 9-44% in CBG across 
eradicants, in both years. Results from this study indicate renovations occurring in July could 
avoid dazomet applications. September renovations require glyphosate + dazomet for 
comparable CBG cover. August renovations can benefit from dazomet, however utilizing 
bispyribac-sodium achieved equivalent CBG establishment. Bispyribac-sodium or paclobutrazol 
usage resulted in the greatest CBG cover in both July and August. In September renovations, 





Fairways represent the largest area of intensely managed turf on golf courses, with a 
median acreage of 10.3 ha for 18-hole facilities throughout the United States (Gelernter et al., 
2017). In the Northeast, creeping bentgrass (Agrostis stolonifera L.; CBG) is the most common 
fairway species, consisting of 45% of all acres, followed by annual bluegrass (Poa annua L.; 
ABG) with 23% in 2015 (GCSAA, 2017). Many fairways are maintained as polycultures of 
multiple turfgrass species (Beard, 2002).  
 Annual bluegrass is generally thought of as a weedy species which can readily establish 
and thrive at low mowing heights (Beard, 1973). It is characterized by low abiotic and biotic 
stress tolerances and is commonly cultivated as an annual in fairway systems because large 
acreages are difficult to cultivate for ABG (Lush, 1989).  
 Advances in CBG breeding have developed a variety of new cultivars with increased 
stress tolerances. Notably, tolerance of dollar spot (caused by, Clairireedia jacksonii sp. nov.) 
(Thompson et al., 2019; Koch and Kerns, 2012; Ryan et al., 2012) and drought tolerance 
(Jespersen et al., 2013; Lyons et al., 2011). By implementing these cultivars, costs can be saved 
over time. A cost-analysis of preventative fungicide programs between ‘Penncross’ CBG and 
ABG putting greens found ABG programs cost $1,980 to 3,140 more than CBG per year 
(Bigelow and Tudor, 2012). This suggests that a similar cost analysis study done against a newer 
cultivar of CBG would yield more of an impact.  
 Implementing new cultivars into an existing stand can be challenging. Studies in 
overseeding and interseeding have found slow establishment. Previous studies have found 
limited success rates of below 50% CBG establishment into ABG, even when utilizing new 
cultivars (Henry et al., 2005). An Indiana study found minimal differences one year after seeding 
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with 0-3% CBG established with overseeded into perennial ryegrass, annual bluegrass or 
Kentucky bluegrass fairways, regardless if seeding occurred in spring or fall (Reicher and 
Hardebeck, 2002).  Interseeding requires multiple years of seeding and is not reliable without use 
of glyphosate to the existing turf (Bauer et al., 2012; Reicher and Hardebeck, 2002).  
Fairway renovation requires course closure during the eradication of the existing 
turfgrass and time for the new seedlings to grow in (Foy, 2001; Dernoeden, 1997; Skorulski, 
2013). This is a significant economic investment for a golf course. Due to these challenges, golf 
courses maybe reluctant to convert fairways despite the benefits.  
Several studies have examined individual components of fairway renovations. 
Renovation month has been determined to be an important factor influencing ABG 
contamination. Traditionally, fairway renovations have been done in mid-September. However, 
previous research in Maryland has shown that peak ABG germination occurs in late September 
and early October (Kaminski and Dernoeden, 2007). Soil disturbance associated with late 
summer or early fall renovation practices provides ABG an opportunity to germinate and 
compromise new CBG seedings. Research examining seeded CBG establishment into a seedbed 
containing ABG found June or August renovations had 25-40% greater CBG compared to 
September and October seedings (Murphy et al., 2005). Similarly, an overseeding study also 
demonstrated that July seedings had more CBG one year after seeding compared to September 
seedings (Henry et al., 2005).  
Turf renovation requires the application of a pre-plant eradicant to kill off the existing 
stand of turfgrass prior to cultivation and seedbed preparation. Glyphosate is generally shown to 
be effective at eliminating ABG for CBG conversion (Bauer et al., 2012; Goss et al., 2009). 
Cultivation as soon as 1-day after glyphosate application did not inhibit its efficacy on CBG 
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fairway turf (Miele et al., 2017). However, glyphosate does not affect the ABG seedbank 
(Branham et al., 2004). ABG is a prolific seed producer with estimates for soil seed bank size 
ranging between 104,000-168,000 viable seeds per m2 (Gaussoin and Branham, 1989; Lush, 
1988). Soil fumigants have been studied as means to manage ABG seed bank populations prior 
to seeding. Dazomet is a non-selective soil sterilant labeled for use on golf courses. Studies have 
shown dazomet at rates between 291-388 kg ha-1 to be effective at minimizing ABG germination 
during golf course fairways (Jeffries et al., 2017; Park and Landschoot, 2003; Branham et al., 
2004). However, the practicality and safety of fumigation are important considerations for its 
use.  
Herbicides applied to newly seeded areas after seeding can further minimize ABG 
contamination. These herbicides must not only be safe on juvenile CBG but must also have 
efficacy against ABG. Chemical control of ABG early during establishment of newly seeded 
fairways is important to maximize benefits of improved turf stands.  
Bispyribac-sodium is an acetolactate synthase inhibitor (WSSA, 2019). Previous research 
has established its efficacy against ABG in CBG turf. In CBG/ABG fairway turf, two 
applications at 0.05 kg ha-1 reduced ABG by 9% compared to control plots (Reicher et al., 2017). 
A four-year study found 70% reduction in ABG cover from 2 yearly applications at 0.02 kg ha-1 
(Patton et al., 2019). Despite efficacy, bispyribac-sodium can cause injury on CBG including 
stunting of growth, chlorosis and death under suboptimal conditions (Lycan and Hart, 2006). 
Injury can be affected by temperature with applications made in colder periods such as spring or 
fall causing more injury to CBG compared to applications made in the summer (Lycan and Hart, 
2006; Dernoeden et al., 2008; McCullough and Hart, 2006).  
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Paclobutrazol is a plant growth regulator for turfgrass which is labeled for use in ABG 
suppression (Anonymous, 2013). Its effectiveness against ABG requires multiple applications 
with spring and fall applications recommended (Anonymous, 2013). Many studies have 
demonstrated the effectiveness and safety of paclobutrazol on established CBG putting green turf 
(Baldwin and Brede, 2011; Moss et al., 2012; Patton et al., 2019; Johnson and Murphy, 1995). 
CBG fairway studies have found paclobutrazol reduced ABG by 51-74% applied monthly from 
March-Aug at 0.14-0.28 kg ha-1 (Woosely et al., 2003). Other studies have suggested 
temperature dependent efficacy with greater control at higher temperatures (Woosley et al., 
2003; McCullough et al., 2005).  
Ethofumesate is a lipid synthesis inhibitor (WSSA, 2019). Its safety and effectiveness in 
previous research has had mixed results. A fairway overseeding study demonstrated 92-100% 
ABG control in a perennial ryegrass and bermudagrass turf with ethofumesate at 1.1 kg ha-1 
(Cross et al., 2012). Other studies have reported that rates higher than the label (10.1 kg ha-1) are 
required for adequate control (>70%) with a single application (Meyer and Branham, 2006). 
However, lower rates are generally used on CBG due to this species reduced tolerance of 
ethofumesate.  On CBG fairway turf, three applications at 0.84 kg ha-1 every 14-d beginning 1st 
Oct. over 3-years provided only 30% ABG control (Rossi, 2001). That study also reported 
reductions in CBG turf quality. Fall applications of ethofumesate at 0.84 kg ha-1 at 2 WASE in 
the field only achieved 42-54% CBG cover (Kaminski et al., 2004). However, another study 
which applied 20.4 kg ha-1 rate to a pure mature stand of CBG only found 4% control (Meyer 
and Branham, 2006). Thus, suggesting that as long as ethofumesate is applied at label rates to 
mature CBG, injury should not be problematic. 
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Bensulide is a pre-emergent herbicide labeled for ABG control on putting green and 
fairway turf (Hart et al., 2004). However, its efficacy in previous research has been variable. 
Bensulide failed to control ABG compared to untreated plots when applied 2 or 3 times at 9 kg 
ha-1 to a CBG fairway turf (Bell et al., 1999; Askew and McNulty, 2014). Bensulide efficacy is 
improved when used in combination with opost-emergent herbicides. A field study comparing 
the efficacy of bensulide applied in conjunction with ethofumesate and paclobutrazol found 
significantly less ABG in these treatments compared to the control, however the authors did not 
compare the herbicides alone (Neylan et al., 1997). A separate study found bensulide applied 
twice at 16.8 kg ha-1 with six applications of paclobutrazol at 1.12 kg ha-1 had 73-14% less ABG 
after four years of treatment (Patton et al., 2019).  
Previous research shows that renovation timing, fumigants and post-germination ABG 
control can improve renovation success. However, no studies have evaluated combined effects of 
renovation timing, pre-plant eradicant, and post-seeding herbicidal control of ABG in a 
comprehensive approach to develop best management practices for golf course fairway 
renovations. Our objective was to identify combinations of pre-plant eradicants and post-seeding 
herbicides during various renovation months that optimize CBG establishment and minimize 










MATERIALS AND METHODS 
Site conditions 
A 2-year field study was initiated in 2017 at the Plant Science Research and Education 
Facility in Storrs, CT. The study was conducted on a mixed CBG (30%) and ABG (70%) fairway 
turf on a Woodbridge fine sandy loam (Coarse-loamy, mixed, active, mesic Aquic Dystrudepts) 
with a pH of 6.5 and 6% organic matter in the top 10 cm. The field was initially seeded with 
‘PennTrio’ CBG blend at 50 kg ha-1 in August 2015. Thereafter, aeration cores containing ABG 
seed harvested from Wethersfield Country Club (Wethersfield, CT) were distributed over the 
field in September 2015, April 2016 and September 2016. Cores containing ABG seed were 
verticut into the existing CBG to establish a mixed population turf stand and ABG seedbank. 
Turf was mowed at 1.3 cm three days wk-1 with clippings returned.  
 
Experimental and Treatment Design 
Two experimental runs were conducted from 3 July 2017 through 19 May 2018 and 2 
July 2018 through 20 May 2019. The study was conducted as a split-strip plot design arranged as 
a 2 × 3 × 7 factorial. The main plot factor was pre-plant eradicant which consisted of glyphosate 
(Roundup Pro Concentrate, 600 g a.i.L-1; N-(phosphonomethyl) glycine, in the form of its 
isopropylamine salt) Monsanto, St. Louis, MO) or glyphosate followed by dazomet (Basamid G; 
99% a.i.; Tetrahydro-3,5,-dimethyl-2H-1,3,5-thiadiazine-2-thione; Amvac, Newport Beach, 
California, United States) in 1.8 × 6.4 m plots with a 1.5 m border. Horizontal and vertical strips 
dissected the main plot. The horizontal factor was renovation month consisting of July, August 
and September in 1.8 × 14.3 m strips. The vertical factor consisted of six post-seeding herbicides 
(Table 2.1) and a no herbicide control applied to strips measuring 0.9 × 8.4 m. 
44 
 
Glyphosate was applied to each renovation month strip, once on 5 July, 4 Aug. or 5 Sept. 
2017 and 2 July, 5 Aug. or 3 Sept. 2018. It was applied at 3.4 kg a.i. ha-1 using a CO2 pressured 
boom sprayer fit with AI11005 (TeeJet Technologies, Glendale Heights, IL) nozzles calibrated to 
deliver 406 L ha-1 at 136 kPa. The following day, plots within each corresponding renovation 
month were core cultivated with 1.3 cm diameter hollow-tines on a 1.3 × 5.0 cm spacing to a 5.0 
cm depth. Cultivation occurred 5 days later in September 2018 due to excess precipitation. Cores 
were then pulverized and incorporated with a rotary mower. Immediately afterwards, dazomet 
was applied at 290 kg a.i. ha-1 with a drop spreader calibrated to distribute the material over the 
target area in four passes. Thereafter, dazomet was water incorporated with 2.5 cm of irrigation 
and subsequently irrigated according to label recommendations.  
Post-seeding herbicides were applied at rates and intervals recommended on product 
labels for newly seeded creeping bentgrass. Herbicide applications were initiated when 
germination uniformly occurred throughout the plots; typically 5-12 days after seeding 
depending on renovation month and year. Initial herbicide applications occurred on 19 July, 21 
Aug. and 20 Sept. 2017, and 18 July, 23 Aug. and 30 Sept. 2018 for each renovation month, 
respectfully. Herbicide application rates and intervals are given in Table 2.1. Post-seeding 
herbicides were applied with a handheld CO2 pressurized sprayer with a single AI9504E flat fan 
nozzle calibrated to deliver 408 L ha-1 at 276 kPa, except paclobutrazol. Paclobutrazol was 
applied with the same sprayer with an AI9508E nozzle calibrated to deliver 815 L ha-1 at 276 
kPa to target the application to the crown and surface roots for optimal uptake. Bensulide was 





Seeding and Establishment 
Plots were seeded with a blend of ‘007’ and ’13M’ (1:1, by weight), six days after 
glyphosate application during each renovation month. Seed was applied using a slit seeder 
(Turfco Triwave 45, Turfco Manufacturing, Minneapolis, Minnesota, United States) calibrated to 
deliver 25 kg ha-1 of CBG seed per pass. Renovation month strips were seeded in two directions 
resulting in an overall seeding rate of 50 kg ha-1. Seeding occurred on 11 July, 13 Aug. and 11 
Sept. in 2017 and 9 July, 16 Aug. and 16 Sept. in 2018. After seeding, plots were rolled to ensure 
adequate seed-soil contact.  
An above-ground, irrigation system with low volume heads (R10VAN01;10 ft Adjustable 
Arc Nozzle Rainbird; Azusa, CA), on a 3 m spacing, was positioned around each renovation 
month strip to water incorporate dazomet and ensure optimal soil surface moisture for seed 
germination and establishment. Granular starter fertilizer (16-28-12) was applied at 50 kg P ha-1 
to each renovation strip at seeding. Mefenoxam [methyl N-(2,6-dimethylphenyl)-N-
(methoxyacetyl) alaninate] was applied at 0.8 kg a.i ha-1 one week after seeding to protect 
against damping-off (caused by Pythium spp). Mowing was initiated one week after seed 
emergence at 1.3 cm, three days wk-1. Nitrogen was applied at 9.8 kg ha-1 as urea every 14-d 
starting 4 weeks after seeding through mid-November, totaling 49, 37 and 24 kg N ha-1 during 
2017 and 49, 29, 20 kg N ha-1 during 2018 for July, August and September renovations, 
respectfully. Light, frequent irrigation was applied throughout the first month of each 
establishment; and as needed to avoid drought stress thereafter. Broadleaf weeds were controlled 
with a 3-way combination product (Trimec Bentgrass Formulation; (+)-(R)-2-(2-methyl-4-
chlorophenoxy) propionic acid, 2, 4-dichlorophenoxyacetic acid, dicamba) applied at 0.84 kg a.i. 
ha-1 on 22 Sept. 2017, and carfentrazone-ethyl; (ethyl 2-chloro-3-[2-chloro-4-fluoro-5-[4-
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(difluoromethyl)-4,5-diydro-3-methyl-5-oxo-1H-1,2,4- trizol-1-yl)phenyl]propanoate) at 1.4 kg 
a.i. ha-1 to July renovated strips on 12 July, and July and August renovated strips on 16 and 25 
Aug. 2017 and on 8 and 15 Aug. 2018. Dollar spot (caused by Clarireedia jacksonii sp. nov.) 
and brown patch (caused by Rhizoctonia solani Kühn) was controlled preventively every 14-d 
with fluazinam (3-chloro-N-[3-chloro-2,6-dinitro-4- (trifluoromethyl)phenyl]-5-
(trifluoromethyl)-2- pyridinamine, 4.0 kg a.i ha-1), fluxapyroxad (3-(difluoromethyl)-1-methyl-
N-(3′,4′,5′-trifluorobiphenyl-2- yl)pyrazole-4-carboxamide, 1.0 kg a.i. ha-1) or azoxystrobin 
(Methyl(E)-2-{2-[6-(2-cyanophenoxy)pyrimidin-4- yloxy]phenyl}-3-methoxyacrylate, 3.3 kg a.i. 
ha-1) from June to October. Carbaryl (1-naphthyl methylcarbamate) was applied at 9.2 kg ai ha-1 
on 8 Sept. and 5 Oct. 2017 to discourage earthworm activity that interfered with study 
observations. 
 
Data Collection and Statistical Analysis 
Percent green cover was assessed weekly using digital image analysis the day of 
renovation through first day of herbicide application. Two images of each plot were taken within 
a 0.5 × 0.6 m aluminum lightbox containing LED bulbs that excluded ambient light and provided 
a consistent exposure for all photos. The number of green pixels within each image was 
determined using Turf Analyzer v.1.0.4 using the default settings as developed by Karcher and 
Richardson (2005). The two images from each experimental unit were analyzed individually and 
averaged prior to statistical analysis. Creeping bentgrass injury was assessed on a 1-9 scale 
where 9 represented no injury, 6 was the maximum acceptable level of injury and 1 was necrotic 
turf. Injury was evaluated weekly and presented as weeks after initial treatment (WAIT) of each 
herbicide.  For the bensumec + paclobutrazol treatments, WAIT are reported relative to the initial 
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paclobutrazol application.  Creeping bentgrass cover and exposed soil was reported on a percent 
plot area basis, determined using a line-intercept grid count method (Gaussoin and Branham, 
1989). A 0.84×1.9m grid containing 275 intersections on a 7.6 cm spacing was laid on each plot, 
and CBG underlying each intersection was counted.  The percent plot area containing CBG was 
calculated by dividing the total number of intersections by the number containing CBG 
multiplied by 100. Exposed soil within each plot was quantified concurrently using the same 
procedure.  Plot area containing CBG and exposed soil were collected on 19 May 2018 and 20 
May 2019 to assess the efficacy of renovation treatments imposed the previous year, when the 
annual bluegrass population is most apparent.  
All data were subjected to an analysis of variance using the Glimmix procedure in SAS 
software v.9.4 (SAS Institute Inc., Cary, NC).  Variation attributed to main and interaction 
effects and experimental error was partitioned as a split-strip plot design according to Federer 
and King (2006). Where significant interactions were detected, the SLICE option was used to 
determine the relevant least square means and the SLICEBY option was used to determine the 
relevant least square means in the significant interaction within each class variable. 
Subsequently, least square means were separated using Fisher’s protected least significant 





Percent Green Cover 
Green cover data are reported for the first four weeks after seeding (WAS) during each 
renovation period to illustrate the effect of eradicant and renovation month on the rate of early 
establishment.  No post-seeding herbicides were applied during this period; therefore, these data 
were analyzed as a two-way factorial. Results differed slightly between study years and were 
analyzed individually.  Generally, green cover declined rapidly from 0 to 2 WAS, before 
increasing to near 100% green cover by 4 WAS in most treatments (Figure 2.1).   
 Initially, percent green cover was influenced by separate pre-plant eradicant and 
renovation month main effects at 0 and 2 WAS in 2017 and 2018, respectively (Table 2.2). The 
pre-plant eradicant main effect indicated that glyphosate + dazomet contained 1-9% more green 
cover than glyphosate-only at 0 and 2 WAS in 2017 and 2018, respectively (data not shown).  
The effect of renovation month varied between 2017 and 2018 during the first two WAS. 
September renovations had 7% more green cover compared to July and August renovations at 0 
WAS in 2017; whereas September had the lowest green cover at 2 WAS in 2018.  August had 
the greatest initial green cover which was 12% higher than July and 26% higher than September 
at 2 WAS in 2018 (data not shown).   
A significant renovation month by pre-plant eradicant interaction influenced green cover 
from 2 to 4 WAS and 3 to 4 WAS in 2017 and 2018, respectively (Table 2.2). Green cover was 
lowest at 2 WAS in 2017 (Figure 2.1).  Within glyphosate-only treated turf, each month was 
statistically different on this observation date.  July renovated turf had the greatest green cover at 
81%, August and September renovations had 16 and 36% less green cover than July, 
respectively.  Conversely, in glyphosate + dazomet treated, all renovation months had equivalent 
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percent green cover, and glyphosate + dazomet treated turf had 11 to 46% more green cover 
across all renovation months compared to glyphosate-alone at 2 WAS.   
By 3 WAS green cover was increasing in most treatments during both years.  The 
interaction treatment effects were consistent at 3 and 4 WAS each year, however green cover 
results differed considerably for September renovations between 2017 and 2018 (Figure 2.1). 
During 2017, in glyphosate-only treated turf, each month was again statistically different with 
the greatest green cover observed in July renovations (97 to 99%) at 3 and 4 WAS.  September 
renovations contained 9 to 19% less green cover than July during this same time, with August 
renovations intermediate among July and September. However, in glyphosate + dazomet treated 
turf, no difference was observed among renovation months at 3 and 4 WAS, similar to the effect 
observed at 2 WAS.  The addition of dazomet increased green cover of August and September 
renovations 7 to 20% at 3 and 4 WAS but did not further increase green cover of July 
renovations. During, 2018 in glyphosate-only treated turf, green cover was 96 to 99% for both 
July and August renovated turf at 3 and 4 WAS. September renovations had 52 to 62% less green 
cover than July and August in glyphosate-only treated turf during this same time. The addition of 
dazomet during pre-plant eradication did not eliminate renovation month differences as was 
observed in 2017; with September renovations still 32 to 37% lower than July and August 
renovations 3 and 4 WAS.  However, the amount of green cover was increased 20 to 26% for the 
September renovation in glyphosate + dazomet treated turf compared to glyphosate-alone.  No 
further increases in green cover were observed during July and August renovations when 
glyphosate + dazomet was applied compared to glyphosate-only since green cover was already 




Creeping Bentgrass Establishment 
May 2018 
Creeping bentgrass cover was evaluated each May following renovation treatments the 
previous year.  Renovation treatments resulted in varying amounts of CBG, exposed soil, and 
annual bluegrass (data not shown) at the time of evaluation. Creeping bentgrass cover during 
May 2018 was dependent on a 3-way interaction between renovation month, pre-plant eradicant 
and post-seeding herbicide (Table 2.3). For simplicity, results of the pre-plant eradicant and 
renovation timing effects, within the no post-seeding herbicide treated turf are reported first 
(Table 2.4). In glyphosate-only treated turf, receiving no post-seeding herbicide, CBG cover was 
54 to 29% across all renovation months. As we hypothesized, CBG cover was greatest in July 
renovated turf, resulting in 25 and 24% more cover compared to August and September, 
respectively. No difference between August and September renovations was observed in 
glyphosate-only treated turf without a post-seeding herbicide during May 2018. Conversely, the 
addition of dazomet following glyphosate mitigated differences observed among renovation 
months, with no difference in CBG cover observed among July, August, or September. Creeping 
bentgrass cover in glyphosate + dazomet treated turf was 58 to 66% in no post-seeding herbicide 
treated turf; compared to 3 to 35% for glyphosate-alone across all months.   
Post-seeding herbicides had variable effects on CBG establishment. They provided 28 to 
100% CBG cover during May 2018 depending on renovation month and pre-plant eradicant 
(Table 2.4).  
July Renovation.  In glyphosate-only treated turf, only bispyribac-sodium, paclobutrazol, 
and bensulide + paclobutrazol differed from no herbicide in the July renovation providing 36 to 
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44% more CBG cover. These herbicides applied during the July renovation were among the most 
efficacious (89 to 98% CBG cover) during the May observation regardless of pre-plant eradicant.  
August Renovation.  The same herbicides, in addition to the high rate of ethofumesate, 
increased CBG cover compared to no herbicide during the August renovation in glyphosate-only 
treated turf. Bispyribac-sodium resulted in the greatest CBG cover during the August renovation 
(93%) providing 15 to 18% more cover compared to paclobutrazol and bensulide + paclobutrazol 
which were not different from each other. Ethofumesate at the high rate was statistically greater 
than no herbicide, although it resulted in only 41% CBG cover by May and was less effective 
than paclobutrazol or bensulide + paclobutrazol.  
September Renovation.  During the September renovation, all post-seeding herbicides 
increased CBG cover compared to no herbicide in glyphosate-only turf. Bispyribac-sodium, 
ethofumesate (both rates), and bensulide + paclobutrazol treated turf had the greatest CBG cover 
(72 to 83%) with no differences among each other. Ethofumesate applications resulted in 13 to 
40% more CBG during the September renovation compared to July or August. However, 
ethofumesate and bispyribac-sodium were involved in a 3-way interaction (Table 2.3) for 
exposed soil within plots during the same evaluation period.  In glyphosate-only treated turf, 
these post-seeding herbicides were associated with 3 to 8% exposed soil within the plot area in 
May compared to uniform turf cover observed where no post-seeding herbicide was applied 
(Table 2.7). No exposed soil was observed in plots renovated with these post-seeding herbicides 
in July or August renovations, regardless of pre-plant eradicant.  Bensulide-alone and 
paclobutrazol-alone resulted in 12 and 33% more CBG cover than no herbicide, respectively in 
the September renovation (Table 2.4). Only paclobutrazol-alone had comparable CBG cover to 
the combination treatment. 
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Dazomet application following glyphosate generally resulted in 13 to 32% more CBG 
cover except during renovation months where post-seeding herbicide applications were highly 
effective (i.e., bispyribac-sodium during July & August, paclobutrazol treatments during July) 
(Table 2.4).  Paclobutrazol and bensulide + paclobutrazol were more effective during August and 
September renovations when dazomet was applied, increasing CBG cover to 93 to 96% 
compared to 63 to 79% in glyphosate-only. Increased CBG cover (Table 2.4) and less exposed 
soil (Table 2.7) was also observed in ethofumesate (both rates) and bispyribac-sodium treated 
turf during the September renovation when dazomet was applied compared to glyphosate-only.   
May 2019 
Creeping bentgrass cover in May 2019 was generally similar to May 2018, however 
treatment effects were characterized by two 2-way interactions involving renovation month and 
pre-plant eradicant, and renovation month and post-seeding herbicide (Table 2.3). The 
renovation month by pre-plant eradicant interaction indicated July and August renovations 
resulted in 27 and 20% more CBG cover than the September renovation in glyphosate-only 
treated turf (Table 2.5); whereas no difference among renovation months was observed when 
glyphosate + dazomet were applied. Dazomet resulted in 29% more CBG cover during the 
September renovation than glyphosate-only. Dazomet did not improve CBG cover during July 
and August. 
Post-seeding herbicide effects on CBG cover were dependent on renovation month.  
Herbicide effects during July and August followed the same trend as glyphosate-only treated turf 
in May 2018. During July renovations, only bispyribac-sodium, paclobutrazol and bensulide + 
paclobutrazol differed from no herbicide, increasing CBG 21 to 25% compared to no herbicide 
resulting in 93 to 97% cover (Table 2.6). During August renovations, bispyribac-sodium and 
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bensulide + paclobutrazol had the greatest CBG cover. Only bensulide and the low rate of 
ethofumesate did not increase CBG cover compared to no herbicide, although the later did not 
differ from the high rate of ethofumesate or paclobutrazol which were intermediate among all 
post-seeding herbicides during the August renovation. During the September renovation, only 
two post-seeding herbicides differed from no herbicide. The low rate of ethofumesate increased 
CBG cover 9% compared to no herbicide, although the high and low rate of ethofumesate were 
not statistically different.  Bispyribac-sodium reduced CBG cover 15% compared to no herbicide 
during the September renovation.  Related to this reduction in CBG cover, was a renovation 
month by post-seeding herbicide interaction for exposed soil (Table 2.3). Bispyribac-sodium 
applications had 34% more exposed soil in May, compared to no post-seeding herbicide for the 
September renovation (Table 2.8). The high rate of ethofumesate and bensulide were also 
associated with 9 to 10% more exposed soil than no herbicide, albeit less exposed soil than 
bispyribac-sodium. However, increases in exposed soil were only observed with these treatments 
during the September renovation, similar to May 2018 results. Interestingly, a renovation month 
by pre-plant eradicant interaction (Table 2.3) indicated that exposed soil was greater in 
September renovations in glyphosate-only treated turf; whereas no statistical difference in 
exposed soil was observed between renovation month when dazomet was applied after 
glyphosate (Table 2.9). Application of dazomet resulted in 22% less exposed soil compared to 
glyphosate-only during the September renovation regardless of post-seeding herbicides. 
 
Creeping Bentgrass Injury 
Creeping bentgrass injury was evaluated to assess the phytosafety of post-seeding 
herbicide treatments on juvenile creeping bentgrass alone or combined with other factors. Data 
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were collected 1 to 4 weeks after the initial treatment (WAIT). Generally, post-seeding 
herbicides were initially safe on juvenile CBG with most ratings exceeding the minimum level of 
acceptable injury (i.e., > 6) during the first 4 WAIT. Due to the general safety of herbicides 
tested, differences between treatments were relatively small. However, significant treatment 
effects were observed. A post-seeding herbicide main effect was observed 1 WAIT in 2018, and 
a renovation month main effect at 1 WAIT in 2017 and 2018 (Table 2.3). The post-seeding 
herbicide main effect indicated all treatments resulted in minor injury (i.e., 7.5 to 8.5) that was 
greater than no herbicide, except bensulide-alone and the high rate of ethofumesate. The 
renovation month main effect indicated slightly increased CBG injury during August renovations 
compared to July or August at 1 WAIT during both years (data not shown). 
A consistent interaction between renovation month and post-seeding herbicide was 
observed 3 to 4 WAIT and 2 to 4 WAIT during 2017 and 2018, respectively (Table 2.3). Post-
seeding herbicide effects on CBG injury were dependent on renovation month, and effects in 
some cases varied by observation date (i.e., 1 to 4 WAIT). 
Bispyribac-sodium resulted in consistent, albeit acceptable, injury to juvenile CBG 
regardless of renovation month; differing from no herbicide treated turf on 13 of 15 interaction 
observations over both years (Figure 2.2). Injury appeared as chlorotic foliage and tended to be 
greatest following the second application at 3 WAIT during all renovation months, except 
September 2018. However, recovery occurred by 4 WAIT during July and August renovations 
both years. Conversely, recovery did not occur when bispyribac-sodium was applied during 
September renovations either year. The greatest CBG injury in the study (i.e., 5 to 6) was 
associated with bispyribac-sodium applications compared to no herbicide during the September 
2018 renovation timing. 
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Paclobutrazol-alone and bensulide + paclobutrazol generally had similar effects on CBG 
injury (Figure 2.2). Paclobutrazol treatments consistently (i.e., 12 of 15 interaction observations) 
increased injury compared to no herbicide treated turf regardless of renovation month. However, 
the severity of injury was minor (≥ 7) with typical symptoms throughout the study appearing as 
coarse, blue-gray to dark green foliage typical of growth regulators. Between renovation months 
injury differences were small and inconsistent for paclobutrazol-alone and bensulide + 
paclobutrazol treated turf in 2017 and 2018. 
Ethofumesate treated turf frequently exhibited increased injury symptoms compared to no 
herbicide during August and September renovations in both years, regardless of application rate 
(Figure 2.2). Injury was less apparent during July renovations; ethofumasate did not differ from 
no herbicide treated turf at this timing either year. The injury observed in August and September 
was slight ranging from 7.8 to 8.3 compared to 9.0, and 7.6 to 8.4 compared to 8.4 to 9.0 in 
ethofumasate treated and no herbicide treated turf in 2017 and 2018, respectively. Injury was 
slightly greater in the high rate compared to the low rate of ethofumasate treated turf on 50% of 
the interaction observations in August and September when the herbicide tended to differ from 
no herbicide. 





Creeping Bentgrass Establishment 
This study demonstrates that differing renovation strategies can result in a range of 
renovation success, with CBG populations between 28-100% across all treatment combinations. 
Results indicate that renovation month is a key factor determining pre- and post-seeding 
practices and overall renovation success (i.e., >90% CBG, minimal ABG and exposed soil the 
following spring). Renovation success was generally greater for July and August renovations 
compared to the September renovation timing. This result is consistent with previous research 
comparing the influence of timing on CBG establishment. A study in New Jersey also found 
more CBG cover the year following renovation when CBG is seeded in early summer, with June 
or August renovations resulting in 73-83% CBG cover compared to September or October 
seedings with 33-58% CBG cover (Murphy et al., 2005). That study reported that early summer 
seedings had greater CBG establishment due to avoidance of ABG germination, which they 
loosely attributed to high soil temperatures (Murphy et al., 2005). An overseeding study of ABG 
putting green turf found that although September overseedings had more CBG one month after 
seeding, July seedings had more CBG one year after seeding (Henry et al., 2005). The 
researchers here also attributed their lower ABG contamination in July compared to September 
due to higher soil temperatures (Henry et al., 2005). A greenhouse study found that ecotypes of 
ABG also had exhibited reduced germination with increasing temperature and had variable 
responses to photoperiod (McElroy, 2004). Although current research has not directly 
established all of the conditions associated with ABG germination, it is understood that ABG 
avoids summer stress by limiting germination is high soil temperatures (Beard et al., 1978; 
Sprague and Evaul, 1937).  
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Increased soil temperatures not only likely inhibited ABG germination in this study, it 
also influenced CBG germination and growth which resulted in rapid establishment and helped 
CBG outcompete ABG. July and August seedings established percent green cover quicker than 
the September renovation suggesting more optimal seeding conditions. This could be attributed 
to greater soil temperatures in July and August compared with September. We generally found 
that treatments with the most percent green cover in the fall following renovation tended to have 
the greatest CBG populations the following spring. Our results show that in 2017, July plots 
renovated with glyphosate-only, consistently had the most percent green cover at 2, 3 and 4 
weeks after seeding compared to August and September. The same effect was repeated in 2018 
with July and August glyphosate-only plots retaining high percent green cover at 3 and 4 weeks 
after seeding and also having greater CBG populations the following May, than the September 
renovation. Rapid establishment of CBG has been shown to minimize ABG contamination. A 
study analyzing how soon you can seed CBG after fumigation found that minimizing the time 
between fumigation and seeding CBG reduced ABG infestation, with 3-d after fumigation being 
optimum (Branham et al., 2004). The authors attributed this to the fumigant not eliminating ABG 
seed from the soil, rather allowing the CBG seed an opportunity to establish and build vigor 
before ABG competition (Branham et al., 2004).  
Post-seeding Herbicidal Control 
Many post-seeding herbicides have been widely evaluated for their use on eliminating 
ABG in CBG systems. Aspects important for herbicidal control in fairway renovations include 
safety of juvenile CBG and efficacy in controlling ABG.  Renovation month influenced the 
efficacy and phytosafety of post-seeding herbicides. 
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 Bipyribac-sodium has been found in previous studies to be effective at eliminating ABG 
in CBG fairways, tees and greens (Reicher et al., 2017; Patton et al., 2019; McCullough and 
Hart, 2006). In the current study, bispyribac-sodium was highly effective at improving spring 
CBG cover when applied during July and August renovations.  However, it was less effective 
during September renovations due to short and long-term injury resulting in exposed soil in 
renovated areas the following May. Other studies also report increased injury when bispyribac-
sodium is applied at lower temperatures. One field study found reduced CBG turf quality at 3 
weeks after bispyribac-sodium treatment in May or October compared to July at rates between 
0.07-0.15 kg ha-1 (Lycan and Hart, 2006). In another Connecticut based study, bispyribac-
sodium applied in October caused severe injury in CBG seedlings when applied at rates between 
0.05-0.15 kg ha-1, 2 or 4 WASE in Connecticut (Dernoeden, et al. 2008). A controlled 
environment study verified that applications made at greater temperatures, increased the 
phytosafety on CBG (McCullough and Hart, 2006). Results from our data show that July and 
August have an expected temporary chlorosis and then generally recover. In September with 
cooler temperatures, CBG growth slows and plots do not have adequate time to recover before 
winter stress. CBG with sustained injury from bispyribac-sodium over the winter, died and left 
bare spots in the renovated fairway. It is important to note, that federal registration for 
bispyribac-sodium use in turfgrass expired in 2018.  However, deliberations regarding its 
renewed registration for turfgrass use are ongoing (personal communication, Richard Fletcher).   
 Paclobutrazol effectiveness for eliminating ABG is best over multiple applications and in 
spring or fall (Anonymous, 2013). A CBG fairway study in Kentucky found that monthly 
applications made from March-August at 0.14 and 0.28 kg ha-1 reduced ABG 51-74% (Woosley 
et al., 2003). A regional field study on CBG putting greens in the Midwest found six applications 
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made throughout the growing season, of paclobutrazol at 0.25 kg ha-1 to be the best treatment 
evaluated for reducing ABG in CBG putting greens which is commercially available (Patton et 
al., 2019).  Results from our study show that paclobutrazol and bensulide + paclobutrazol applied 
every 14-d from 4 WASE to mid-November resulted in 75-99% CBG the following Spring when 
applied during the July and August renovation timings. Few differences were observed between 
paclobutrazol and the combination of bensulide + paclobutrazol. This same effect was 
reproduced on putting greens in the Midwest with bensulide + paclobutrazol and paclobutrazol 
producing no significant difference in herbicide program efficacy (Patton et al., 2019). 
Paclobutrazol applications were not as effective during September renovations, likely due in part 
to fewer repeat applications between seeding and mid-November when applications were 
terminated. However, it is also possible that paclobutrazol efficacy was reduced during 
September renovations due to cooler temperatures during this time.  Other researchers have 
noted increased efficacy of paclobutrazol in warmer months with more injury and stunting on 
ABG when treatments were applied in June versus the colder month of March (Woosely et al., 
2003).  
Minimal injury occurred on CBG in our study due to the application of paclobutrazol or 
bensulide + paclobutrazol. The injury produced was consistent throughout the rating period due 
to the repeating applications. Reduced turf quality, albeit acceptable, due to paclobutrazol have 
also been reported in other studies (McCullough et al., 2005; Patton et al., 2019). 
 Ethofumesate applied at the low rate (0.6 kg ha-1) during the September renovation 
resulted in spring CBG cover of 74-95%.  It also provided a slight increase in CBG cover in the 
August renovation, however, was not as effective as other treatments tested, and it had little 
effect during July renovations. Ethofumesate is minimally effective against ABG in CBG 
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turfgrass systems at the current labeled rate. It is well suited for use in perennial ryegrass 
fairways were research has shown effectiveness at minimizing ABG (Cross et al., 2012). 
However, the label rate for ethofumesate use in perennial ryegrass is over 2x greater than the rate 
allowed on CBG (Anonymous, 2018). A three-year study on CBG fairway turf found a 30% 
reduction in ABG compared to the control when 3 applications of ethofumesate were applied at 
2-week intervals beginning Oct 1st, at 0.84 kg ha-1. Reductions in turf quality were also noted 
(Rossi, 2001). In a one-year study on CBG fairway turf, 3 spring applications of ethofumesate at 
0.85 kg ha-1 did not reduce ABG compared to untreated; whereas, monthly applications from 
November to May reduced ABG 3-5% the following Sept compared to untreated (Woosley et al., 
2003). Ethofumesate volatility increases with increasing temperatures suggesting it may be to 
blame for losses in efficacy at higher temperatures (Kohler and Branham, 2002). Multiple studies 
suggest combining ethofumesate with other active ingredients for more complete control (Rossi, 
2001; Woosley et al., 2003; Reicher et al., 2017). Our study did not show any significant 
advantage to applying ethofumesate 0.84 kg ha-1 compared to the lower rate. In fact, the high rate 
of ethofumesate increased the amount of ABG the following May. Another study in Connecticut 
also found increased over winter injury from September applications of ethofumesate at 0.84 kg 
ha-1 applied to CBG seedlings 4WASE (Dernoeden et al., 2008). This supports that ethofumesate 
has some over wintering activity which can produce losses in turf cover the following spring. A 
rate response study suggested multiple applications of ethofumesate are necessary for adequate 
control since current label rates (6.7 kg ha-1) only resulted in >30% ABG control from a single 
application (Meyer and Branham, 2006). Although our results show adequate control from 
ethofumesate for the September renovation, efficacy may improve by applying bensulide prior to 
multiple applications of ethofumesate.  
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Minimal injury short-term injury (i.e., 1 to 4 WAIT) was observed in ethofumesate 
treated turf regardless or rate or renovation month. Some studies have reported losses in CBG 
fairway turf quality compared to control when ethofumesate was applied over multiple years 
(Rossi, 2001). While other studies have shown minimal impact on CBG if applied on mature 
stand, at the label rate (Meyer and Branham, 2006; Woosley et al., 2003). 
 Bensulide had little to no effect on CBG cover, percent green cover, or CBG injury in this 
study. Other studies have also found minimal impact of bensulide on CBG or ABG turf. A study 
on established CBG putting green turf found bensulide on its own applied in March and October 
at 9 kg ha-1 did not reduce ABG compared to an untreated control (Askew and McNulty, 2014). 
The researchers also reported no injury to the CBG. A second field study in a one-year old CBG, 
ABG and roughstalk bluegrass (Poa trivilialis L.) fairway, found bensulide applied in March, 
May and September at 9.1 kg ha-1 also did not show significant difference in ABG compared to 
the control (Bell et al., 1999). Good control of ABG was achieved in a CBG putting green study, 
however, large amounts of bensulide had to be applied over the course of 4 years to exhibit that 
effect with a cumulative 230 kg ha-1 of product applied for 97% control of ABG (Callahan and 
McDonald, 1992). No injury to the CBG occurred until the 3rd consecutive year of repeat 
bensulide applications at 6-17 kg ha-1 at varying time intervals, 2-4 applications yr-1 or 102 kg 
ha-1 total bensulide application (Callahan and McDonald, 1992). In the current study a single 
application of bensulide at the label recommended rate (8.4 kg ha-1) was not injurious to CBG 
seedlings and did not enhance spring CBG cover regardless of application timing (i.e., 





Influence of Dazomet 
Results from this study indicate fumigation is not necessary for fairway renovation if the 
renovation occurs in July or August and seeding is followed by bispyribac-sodium or 
paclobutrazol. Glyphosate-only was sufficient for renovations in July, consistently providing 
equivalent CBG populations compared to glyphosate + dazomet. This suggests that targeting the 
soil seed bank to eliminate future infestations of ABG may not be necessary if CBG is seeded 
when it can establish quickly with minimal competition.  
Interestingly, dazomet generally increased percent green cover (1 to 4 WAS), compared 
to glyphosate-only and this increase appeared to coincide with increased CBG populations the 
following spring. Similar, growth enhancements following dazomet application have been 
observed in other agricultural systems. In maize an increase in plant growth in dazomet treated 
soils was due in part from increased nitrogen uptake derived from both killed biomass and soil N 
made available by the fumigation treatment (Chabrol et al., 1988). Within that study, nitrogen 
applied to replace the equivalent amount of killed biomass increased yield to 10.7 t ha-1 while 
dazomet application increased yield to 13.7 t ha-1 (Chabrol et al., 1988). This suggests that the 
increase in percent green cover in dazomet treated plots was due to increased nitrogen 
availability that cannot be replicated with applying supplemental fertility alone. The authors in 
that study also speculate that the altered soil microbial population largely contributed to the 
increased growth (Chabrol et al., 1988). Recent research observed that fumigation initially 
decrease microbial communities, although new bacterial communities re-colonize soils 24-38 
days after treatment (Fang et al., 2018). The new bacterial communities consisted largely of 
nitrogen-fixing bacteria. Although the soil microbiology of each site and experiment will differ, 
the influx of nitrogen fixing bacteria after dazomet application may explain the increased 
63 
 
establishment rate during 1 to 4 WAS and spring CBG cover in dazomet treated turf observed in 
the current study.  
Previous studies have documented greater CBG cover with dazomet applications in both 
fairways and greens (Park and Landschoot, 2003; Landschoot et al., 2004). Both of the previous 
applied dazomet in July. A field study in Indiana found May dazomet applications (168 to 504 
kg ha-1) resulted in variable ABG cover (0-95%) while August applications were more consistent 
across rates (2-20% ABG cover) (Branham et al., 2004). The researchers attributed this to 
competition with germinating ABG in May and recommended fumigant applications during 
months where ABG is not currently germinating (August) to minimize competition (Branham et 
al., 2004). This suggests that dazomet may not provide complete control of the ABG seedbank 
and may be affected by application month. Regardless, shortening the time between fumigation 
and seeding CBG, reduced ABG contamination (Branham et al., 2004). Dazomet established 
equivalent amounts of percent green cover across all renovation months with the exception of the 
September 2018 renovation. Although dazomet did increase CBG populations in the spring 
following renovation, in 2017, bispyribac-sodium applied in July or August and paclobutrazol 
applied in July were not improved, suggesting fumigation is unnecessary for those treatments.  
Dazomet mitigated damage to CBG caused by certain post-seeding herbicides during 
September renovation. This effect was apparent in the reduction in exposed soil the following 
spring compared to glyphosate-only. Injury mitigation by dazomet has not been well established 
in literature. Previous studies report influxes of nitrogen availability after application of dazomet 
promotes greater crop yields (Chabrol et al., 1988). A study in CBG greens found that more N 
fertility promoted higher turf quality after fall applications of ethofumesate (Johnson, 1990). 
Although the mitigated injury from post-seeding herbicides in dazomet plots maybe due to the 
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influx of nitrogen, all of the plots maintained in our study were on a high fertility program 9.8 kg 
ha-1 every 14-d) for optimal seed establishment. Therefore, injury mitigation from dazomet 






Renovating fairways is a time consuming and expensive undertaking for a golf course. 
Scientifically-based, best management practices for establishing improved turfgrass cultivars can 
increase certainty in the success of renovation practices, provide reasonable expectations for 
required resources, and ultimately enable use of more sustainable turfgrasses for golf course 
fairways. Results from this study identify several renovation programs based on renovation 
month. July renovations provided the most consistent results, greatest CBG establishment, and 
required the fewest inputs. Applications of bispyribac-sodium or paclobutrazol were sufficient to 
achieve 93% to 100% spring CBG cover. Dazomet did not further improve CBG establishment 
compared to glyphosate-only in bispyribac-sodium or paclobutrazol treated turf during July 
renovations. August renovations were also successful, although were variable depending on year, 
with warmer years (2017) providing results similar to July; and cooler years (2018) more 
comparable to September. Results from this study indicate bispyribac-sodium or paclobutrazol 
provide the greatest CBG cover the following spring. However, the use of glyphosate + dazomet 
is warranted if using paclobutrazol, to improve spring CBG cover during August renovations due 
to slight variability in CBG establishment observed at this timing. September was the most 
resource intensive renovation timing. Fumigation with glyphosate + dazomet was required at this 
time to provide spring CBG cover equal to July and August renovation timings, even then > 78% 
CBG establishment could only be achieved during one year of this two-year study. The low rate 
of ethofumesate (0.6 kg ha-1) was the only post-seeding herbicide option during this timing that 
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Table 2.1. Herbicides evaluated for control of annual bluegrass during fairway renovations to establish creeping bentgrass in Storrs, CT 
during 2017 and 2018.  
Active Ingredient Formulation Trade Name Rate (kg ai ha-1) Interval Manufacturer 
ethofumesate 1.5 EC Prograss 0.63 3 + 6 WASE† Bayer, Hanover, NJ 
ethofumesate 1.5 EC Prograss 0.84 3 + 6 WASE Bayer, Hanover, NJ 
bispyribac-sodium 17.6 SG Velocity 0.04 3 + 5 WASE Valent, Walnut Creek, CA 
bensulide 4 LF Bensumec 8.4 2 WASE PBI Gordon Professional, Kansas City, MO 










4 WASE; 14-d 
PBI Gordon Professional, Kansas City, MO 
Syngenta, Wilmington, DE 





Table 2.2. Percent green cover ANOVA for pre-plant eradicant and renovation month effect on a creeping bentgrass fairway turf renovation 
in Storrs, CT during 2017 and 2018. 
 Percent Green Cover 
 2017  2018 
Source of variation 0 WAS† 2 WAS 3 WAS 4 WAS  0 WAS 2 WAS 3 WAS 4 WAS 
 ----------------------------------------------- P > F ----------------------------------------------- 
Pre-plant eradicant (E) * ** * **  NS * * * 
Renovation month (M) ** ** *** ***  NS ** *** *** 
E × M NS * ** ***  NS NS ** *** 
* Significant at the 0.05 probability level.  
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level.  
†Weeks after seeding; WAS. 
 
Table 2.3. Creeping bentgrass injury, percent creeping bentgrass cover, and percent exposed soil ANOVA for pre-plant eradicant, renovation 
month, and post-seeding herbicide effect on a creeping bentgrass fairway turf renovation in Storrs, CT during 2017-18 and 2018-19. 
 Creeping Bentgrass Injury  Percent Bentgrass Cover   Percent Exposed Soil  
 2017  2018     
Source of variation 1 WAIT† 2 WAIT 3 WAIT 4 WAIT  1 WAIT 2 WAIT 3 WAIT 4 WAIT  May 2018‡ May 2019§  May 2018 May 2019 
 ----------------------------------------------------------------------------------- P > F ----------------------------------------------------------------------------------- 
Pre-plant eradicant (E) NS NS NS NS  NS NS NS NS  ** NS  NS NS 
Renovation month (M) NS NS NS *  ** ** *** **  ** **  ** *** 
E × M NS NS NS NS  NS NS NS NS  NS **  * ** 
Post-seeding herbicide (H) NS NS *** ***  *** *** *** ***  *** ***  *** *** 
E × H NS NS NS NS  NS NS NS NS  * NS  ** NS 
M × H NS NS *** ***  NS *** *** ***  *** ***  *** *** 
E × M × H NS NS NS NS  NS NS NS NS  * NS  ** NS 
* Significant at the 0.05 probability level.  
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level.  
†Weeks after initial treatment; WAIT. 
‡The May 2018 data collection corresponds to treatments which were applied during the 2017 trial. 




Table 2.4. Creeping bentgrass population on 19 May 2018 influenced by renovation month, pre-plant eradicant and post-seeding herbicide 
following 2017 fairway renovations in Storrs, Connecticut.  
   Creeping Bentgrass Population on 19 May 2018 
   July renovation  August renovation  September renovation 
Post-seeding 
herbicide  Rate Interval 
glyphosate glyphosate 
+ dazomet 
 glyphosate glyphosate 
+ dazomet 
 Glyphosate glyphosate 
+ dazomet 
 kg ha-1  ---------------------------------------------------------- percent plot area --------------------------------------------------------- 
no herbicide - - 53.6 b‡A§z¶ 66.1 cAz  28.6 dBy 57.8 bAz  29.8 dBy 65.1 bAz 
ethofumesate 0.63 3 + 6 WASE† 55.4 bBy 76.9 bcAy  33.7 cdBx 65.9 bAy  73.9 abBz 89.6 aAz 
ethofumesate 0.84 3 + 6 WASE 56.7 bBy 69.6 bcAy  41.0 cBx 66.9 bAy  80.4 aBz 95.0 aAz 
bispyribac-sodium 0.04 3 + 5 WASE 89.3 aAz 98.1 aAz  93.2 aAz 99.5 aAz  82.6 aBz 96.6 aAz 
bensulide 8.4 2 WASE 54.8 bBz 78.6 bAz  28.1 dBx 59.8 bAy  41.8 cBy 65.1 bAy 






4 WASE; 14-d 
97.4 aAz 99.7 aAz  78.6 bBy 96.2 aAz  71.8 abBy 95.5 aAz 
†Weeks after seed emergence; WASE. 
‡Means followed by the same early alphabet lowercase letter within each renovation month and pre-plant eradicant columns are not statistically different based on 
Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-seeding herbicide and renovation month are not statistically different based on Fisher’s protected 
LSD (α = 0.05). 
¶Means followed by the same late alphabet lowercase letter within each pre-plant eradicant over each renovation month and post-seeding herbicide are not 






Table 2.5. Creeping bentgrass population on 20 May 2019 influenced by renovation month and pre-plant eradicant following 2018 fairway 
renovations in Storrs, Connecticut.  
 Creeping Bentgrass Population on 20 May 2019 
 Renovation month 
Pre-plant eradicant Rate July August September 
 kg ha-1 --------------------- percent plot area ---------------------- 





84.4 aA 82.8 aA 84.4 aA 
†Means followed by the same lowercase letter within each renovation month are not 
statistically different based on Fisher’s protected LSD (α = 0.05). 
‡Means followed by the same uppercase letter within each herbicide treatment are not 
statistically different based on Fisher’s protected LSD (α = 0.05). 
 
 
Table 2.6. Creeping bentgrass population on 20 May 2019 influenced renovation month and post-seeding herbicide following 2018 fairway 
renovations in Storrs, Connecticut.  
  Creeping Bentgrass Population on 20 May 2019 
  Renovation month 
Post-seeding herbicide Rate Interval July August September 
 kg ha-1  ------------------- percent plot area ------------------- 
no herbicide - - 72.6 b‡A§ 70.2 cA 69.1 bcA 
ethofumesate 0.63 3 + 6 WASE† 74.1 bA 73.2 bcA 78.3 aA 
ethofumesate 0.84 3 + 6 WASE 73.0 bA 78.0 bA 76.0 abA 
bispyribac-sodium 0.04 3 + 5 WASE 93.1 aA 95.3 aA 53.9 dB 
bensulide 8.4 2 WASE 75.9 bA 70.4 cA 68.7 cA 






4 WASE; 14-d 
97.5 aA 88.6 aB 72.4 abcC 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different 
based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each herbicide are not statistically different based on 
Fisher’s protected LSD (α = 0.05). 
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Table 2.7. Exposed soil in plot areas on 19 May 2018 influenced by renovation month, pre-plant eradicant and post-seeding herbicide 
following 2017 fairway renovations in Storrs, Connecticut.  
   Exposed Soil on 19 May 2018 
   July renovation  August renovation  September renovation 
Post-seeding 
herbicide Rate Interval glyphosate 
glyphosate    
+ dazomet  glyphosate 
glyphosate    
+ dazomet  Glyphosate 
glyphosate      
+ dazomet 
 kg ha-1  -------------------------------------------------------- percent plot area ---------------------------------------------------------- 
no herbicide - - 0.0 a‡A§z¶ 0.0 aAz  0.0 aAz 0.0 aAz  0.0 dAz  0.3 bAz 
ethofumesate 0.63 3 + 6 WASE† 0.0 aAy 0.0 aAz  0.0 aAy 0.0 aAz  3.0 cAz 0.3 bBz 
ethofumesate 0.84 3 + 6 WASE 0.0 aAy 0.0 aAy  0.1 aAy 0.0 aAy  8.3 aAz 2.6 aBz 
bispyribac-sodium 0.04 3 + 5 WASE 0.0 aAy 0.0 aAy  0.8 aAy 0.0 aAy  6.6 bAz 2.5 aBz 
bensulide 8.4 2 WASE 0.0 aAz 0.0 aAz  0.0 aAz 0.0 aAz  0.0 dAz 0.0 bAz 






4 WASE; 14-d 
0.0 aAz 0.0 aAz  0.0 aAz 0.0 aAz  0.6 dAz 0.1 bAz 
†Weeks after seed emergence; WASE. 
‡Means followed by the same early alphabet lowercase letter within each renovation month and pre-plant eradicant columns are not statistically different based on 
Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-seeding herbicide and renovation month are not statistically different based on Fisher’s protected 
LSD (α = 0.05). 
¶Means followed by the same late alphabet lowercase letter within each pre-plant eradicant over each renovation month and post-seeding herbicide are not 





Table 2.8. Exposed soil within plots on 20 May 2019 influenced by renovation month and post-seeding herbicide following 2018 fairway 
renovations in Storrs, Connecticut.  
  Exposed Soil on 20 May 2019 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------- percent plot area ------------------- 
no herbicide - - 0.3 a‡B§ 0.0 aB 11.7 dA 
ethofumesate 0.63 3 + 6 WASE† 0.0 aB 0.0 aB 16.0 cdA 
ethofumesate 0.84 3 + 6 WASE 0.0 aB 0.0 aB 21.6 bA 
bispyribac-sodium 0.04 3 + 5 WASE 0.0 aB 1.4 aB 45.8 aA 
bensulide 8.4 2 WASE 0.0 aB 0.0 aB 20.9 bcA 






4 WASE; 14-d 
0.0 aB 0.0 aB 13.6 dA 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically 
different based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically 
different based on Fisher’s protected LSD (α = 0.05). 
 
 
Table 2.9. Exposed soil within plots on 20 May 2019 influenced by renovation month and pre-plant eradicant following 2018 fairway 
renovations in Storrs, Connecticut. 
 Exposed Soil on 20 May 2019 
  Renovation month 
Pre-plant eradicant         Rate July August September 
 kg ha-1 --------------------- percent plot area ---------------------- 
glyphosate 3.39 0.1 a†B‡ 0.4 aB 31.3 aA 
glyphosate 
+ dazomet 
   3.39 
290 
0.0 aA 0.0 aA 8.9 bA 
†Means followed by the same lowercase letter within each renovation month are not 
statistically different based on Fisher’s protected LSD (α = 0.05). 
‡Means followed by the same uppercase letter within each pre-plant eradicant are not 
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Figure 2.1. Percent green cover influenced by pre-plant eradicant and renovation month during 
the first 4 weeks of establishment at the Plant Science Research and Education Facility in Storrs, 
CT during 2017 and 2018. Error bars representing Fisher’s protected least significant difference 
(α=0.05) indicate renovation month differences within pre-plant eradicant on each observation 
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Weeks after initial treatment  
Figure 2.2. Creeping bentgrass injury influenced by renovation month and post-seeding herbicide 
applications during the first four weeks following initial herbicide treatment (WAIT) at the Plant 
Science and Research and Education Facility in Storrs, CT during 2017 and 2018. Error bars 
representing Fisher’s protected least significant difference (α=0.05) indicate differences between 
post-seeding herbicides, on each observation date. LSD values along the x-axis indicate post-





Chapter 3. Characterizing Thatch Accumulation of Creeping Bentgrass (Agrostis stolonifera L.) 
and Colonial Bentgrass (Agrostis capillaris L.) Cultivars Maintained as Fairway Turf 
Newly developed, creeping bentgrass (Agrostis stolonifera L.) cultivars have greatly 
improved abiotic and biotic stress tolerances compared to previous industry standards. Colonial 
bentgrass (Agrostis capillaris L.) is less widely planted, however it has a finer leaf texture and is 
less stoloniferous than creeping bentgrass which may contribute to a slower thatch accumulation 
rate. The objective of this study is to evaluate thatch accumulation of various creeping and 
colonial bentgrass cultivars and compare low thatch producing cultivars with cultivars with 
improved disease tolerance and turf quality. The study was arranged as a randomized, complete 
block design with four replicated blocks. Thirty creeping and colonial bentgrass entries were 
selected and planted either individually or as mixtures in August 2015. Organic matter and thatch 
measurements were quantified in November 2016, 2017 and 2018. Colonial bentgrass 
accumulated 11% less organic matter compared to all creeping cultivars. Generally, creeping 
bentgrass cultivars which had the greatest organic matter accumulation also had better turf 
quality. Older cultivars and cultivars with low tolerance to dollar spot tended to have less organic 
matter. Thatch thickness data did not have any significant overall differences between the 
species. Although cultivars with the greatest thatch thickness also included creeping bentgrass 
cultivars with high turf quality, some colonial bentgrass cultivars also had high thatch thickness. 
Colonial cultivars had slightly greater turf quality compared to creeping cultivars in 2016 and 
2018. ‘Memorial’ was the highest performing out of all the creeping bentgrass entries due to its 
good turf quality and low organic matter and thatch thickness. ‘Capri’ alone and mixed with 





Fairways are the largest areas of highly maintained turfgrass on golf courses averaging 11 
hectares for an 18-hole facility in the United States (Gelernter et al., 2017). Due to the large 
acreage, reducing water, nutrients and pesticide inputs for fairways can improve the 
sustainability of golf courses, and decrease labor, environmental impacts, and maintenance costs. 
Creeping bentgrass (Agrostis stolonifera L.) is popular for new fairway renovations. 
Recently developed bentgrass cultivars possess increased abiotic and biotic stress tolerance, finer 
leaf texture, and improved turfgrass quality and density (National Turfgrass Evaluation Program, 
2014). Breeding efforts have led to superior entries which are vastly improved compared to 
previous industry standards.  
Colonial bentgrass (Agrostis capillaris L.) has a finer leaf texture and less spreading 
growth habit than creeping bentgrass (Beard, 1973). Colonial bentgrass exhibits good resistance 
to dollar spot (caused by Clarireedia jacksonii sp. nov.), although it is susceptible to brown patch 
(caused by Rhizoctonia solani Kühn) (Bonos, 2008). Colonial bentgrass could be a potential 
option for low input fairways in New England. 
The improved abiotic and biotic stress tolerances of recent bentgrasses offer a potential 
reduction in maintenance inputs such as water, nutrients, and pesticides. However, the increase 
in turf density associated with many of the newer creeping bentgrass cultivars may contribute to 
an increase in thatch and organic matter accumulation. Excessive thatch can result in turf failures 
and poor performance through reduced water holding capacity, reduced water and air infiltration 
into soils, shallow rooting (Gaussoin et al, 2013), and puffy playing conditions. Topdressing or 
core cultivating four times a year were the only effective treatments to reduce organic matter 
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content in a two-year old ‘L-93’CBG green (McCarty et al., 2005). A separate two-year study on 
an established ‘A-1’ CBG putting green found that although topdressing alone minimized soil 
organic matter to pre-study amounts, core cultivation and vertical mowing was necessary to 
improve water infiltration and reduce organic matter levels (McCarty et al., 2007). The 
researchers attested that mechanical cultivation did not negatively affect turf quality (McCarty et 
al., 2007). However, other studies have shown that core cultivation can negatively affect turf 
quality if done in suboptimal environmental conditions with September cultivation recovering 
more slowly and allowing for ABG encroachment (Patton et al., 2019). Moreover, management 
of thatch is labor intensive, particularly over large areas such as fairways, and is disruptive to 
play. 
Little information is available regarding the thatch forming characteristics of recent 
bentgrass cultivars. The objectives of this study were to: 
i.) Quantify thatch accumulation of various creeping and colonial bentgrasses  
ii.) Identify reduced thatch forming bentgrasses for fairway use in the Northern 





MATERIALS AND METHODS 
A three-year field study was established in 2016 on a one-year-old fairway turf on a 
Woodbridge fine sandy loam at the Plant Science Research and Education Facility in Storrs, CT. 
Cultivars of creeping bentgrass, and colonial bentgrass were seeded individually, or as mixtures 
during August 2015. All creeping bentgrass and colonial bentgrass single entry plots were seeded 
at 49 kg ha-1, except ‘PennTrio’ which was seeded at 98 kg ha-1, to account for the seed coating 
technology (50% by weight). Mixtures included colonial bentgrass at 9.8 kg ha-1, with Chewings 
fescue at 1.96 kg ha-1, or perennial ryegrass at 1.96 kg ha-1.  
Turf was mowed three days wk-1 at a bench setting of 1.3 cm. Fertility was applied as 
water soluble sources totaling of 146, 53 and 30 kg ha-1 in 2016, 2017 and 2018 respectfully. To 
ensure uniform dollar spot development in the trial, the study area was inoculated with 
Clarireedia jacksonii sp. nov. infested, dried Kentucky bluegrass seed at 11 kg ha-1 on 29 June 
2016. Overhead irrigation was applied minimally to prevent drought stress. Dollar spot and 
brown patch were treated curatively with fluazinam [3-chloro-N-[3-chloro-2,6-dinitro-4-
trifluoromethyl)phenyl]-5-trifluoromethyl-2-pyridinamine] at 4.0 kg a.i. ha-1, fluxapyroxad [1H-
pyrazole-4-carboxamide, 3-(difluoromethyl)-1-methyl-N (3',4',5'-trifluoro[1,1'-biphenyl]-2-yl)-] 
at 1.2 kg a.i. ha-1, or vinclozolin [3-(3,5-dichlorophenyl)-5-ethenyl-5-methyl-2,4-
oxazolidinedione] at 1.3 kg a.i. ha-1. 
Organic matter content and thatch thickness were quantified in November of each year by 
removing 2 (2016) or 3 (2017 & 2018) sub-samples, as 6.1 cm diameter cores from plots. Soil 
cores were immediately trimmed to contain verdure, thatch and 2.0 cm of soil below the thatch-
soil interface. Thatch of plugs was compressed by placing a mass on top of the core to apply 0.62 
kPa. Thatch thickness was measured at four points around the circumference of the core with 
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digital calipers. The four measurements per core and subsamples were averaged for each per 
plot. Cores where then oven dried for one week at 70°C. After oven-drying, plugs where then 
mechanically ground into a homogenous mixture. and analyzed for organic matter content using 
the ASTM Standard test for organic matter content F1647. Two technical replicates were taken 
from each soil core for organic matter analysis for four to six total samples per plot, depending 
on year. Soil subsamples and cores were then averaged for organic matter content per plot.  
Dollar spot was assessed as incidence in 2016 and severity in 2017 and 2018. Dollar spot 
incidence was visually estimated as the percentage of the plot area blighted with dollar spot 
dollar spot symptoms. Severity was determined as count of individual dollar spot foci within 
each plot. Observations occurred on 19 Aug., 26 July and 4 Aug. in 2016, 2017 and 2018, 
respectfully. These dates were chosen due to the presence of abundant dollar spot symptoms in 
the study area.  
Turf quality was assessed on a 1-9 scale with 6 representing the minimal level of 
acceptable turf. Turf quality was rated every 14-d from 1 June to 9 Sept. in 2016, 2017 and 2018. 
Quality data pooled within years to provide an average performance score each year.  
All data were subjected to an analysis of variance using the GLM procedure in SAS v. 





RESULTS & DISCUSSION 
Organic Matter Content 
Organic matter content differed among bentgrass entries evaluated in this study. Since, no 
entry by year interaction was observed, organic matter data were pooled over the three years. 
The overall range in organic matter in the study was considerable among entries evaluated (12.3 
to 16.3 g kg-1).  Differences between bentgrass species were apparent with colonial bentgrass 
producing 11% less organic matter compared to creeping bentgrass averaged across all entries 
and mixtures (Figure 3.1A). Since colonial bentgrass produces fewer and shorter stolons, they 
tend to be less thatch prone than creeping cultivars. 
Comparisons among individual entries identified a few groups with distinct differences in 
organic matter accumulation. A number of entries including more recent creeping bentgrass 
cultivars ‘Proclamation’, ‘Barracuda’, ‘Luminary’, ‘Cobra II’, ‘Pure Select’, ‘007’, and 
‘Declaration’ represented those which produced the greatest organic matter (16.3 to 15.2 g kg-1) 
(Figure 3.2). Interestingly, these cultivars were also generally among the statistical grouping 
representing the greatest turf quality over the three-year study (Table 3.2). A small number of 
entries grouped among those producing the least organic matter (13.2 to 12.3 g kg-1). The group 
included the creeping bentgrass ‘Focus’, colonial bentgrass ‘Greentime’ and a colonial + 
perennial ryegrass mixture of ‘Capri’ and ‘Karma’. An intermediate group consisted of creeping 
and colonial bentgrasses alone or as mixtures. Included in this group were industry standards 
such as ‘Penncross’ and ‘PennTrio’, but also included a few more recently developed creeping 
bentgrasses such as ‘Memorial’, ‘13M’, and ‘MacKenzie’, as well as colonial bentgrasses 




Thatch thickness data were pooled across the three years due to the absence of an entry 
by year interaction. Results from compressed thatch assessments differed somewhat from 
organic matter content data. Contrast comparison between creeping and colonial bentgrass 
indicated there was no overall species level difference with respect to thatch thickness (Figure 
3.1B). Means comparisons among entries distinguished high and low thatch thickness groups 
among the 20 entries, with considerable statistical overlap between these groups (Figure 3.3).  
Entries observed to have the greatest thatch thickness were the same cultivars with high organic 
matter identified previously, but also included colonial mixtures ‘Capri’ + ‘Karma’ and ‘Capri’ + 
‘Radar’ and ‘FT-12’. Only the mixture containing ‘Karma’ was greater than the ‘Capri’ 
monostand. ‘Focus’ creeping bentgrass and ‘Greentime’ colonial bentgrass had the least thick 
thatch similar to organic matter content.  
Dollar Spot 
Dollar spot results are reported for each year individually since data collection differed 
between years. Regardless, disease differences among species and cultivars were similar across 
the three years of the study. As expected, the contrast between bentgrass species indicated 
colonial bentgrass had less dollar spot compared to creeping bentgrass each year, averaged over 
all entries and mixtures (Figure 3.1C & D). No differences among single colonial bentgrass 
entries or mixtures were observed, except ‘FT-12’ which had greater dollar spot compared to 
‘Capri’ + ‘Radar’ during 2018 (Table 3.1). Among creeping bentgrass, ‘Declaration’ and 
‘Memorial’ entries were consistently among those with the least dollar spot symptoms, 
regardless of species, during all three years. ‘Proclamation’ and ‘13M’ demonstrated comparable 
dollar spot tolerance during 2 of the 3 years. Standard creeping bentgrass entries such as 
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‘Penncross’ and ‘PennTrio’, as well as more recent cultivars including ‘Cobra II’, ‘MacKenzie’, 
‘Pure Select’, and ‘Tyee’ were among those with the greatest dollar spot during 2 of the 3 years. 
Turf Quality 
Turf quality data were pooled within year to provide an average performance of entries 
over the course of the growing season. Thus, quality results encompass turf responses to abiotic 
and biotic stress as well as typical turfgrass characteristics. Significant turf quality differences 
between entries were observed each year, with effects differing slightly between years; therefore, 
data are presented by year (Table 3.2). Colonial bentgrass had slightly greater turf quality 
compared to creeping bentgrass averaged over all entries and mixtures in 2016 and 2018, with no 
difference in 2017 (Figure 3.1E). Few turf quality differences among colonial bentgrass entries 
were observed, although ‘Greentime’ and the mixture of ‘Capri’ + ‘Karma’ had reduced turf 
quality compared to all other colonial and colonial mixtures (Table 3.2). Several creeping 
bentgrass cultivars provided comparable quality to colonial entries. The creeping bentgrass 
cultivars, ‘007’, ‘Declaration’, ‘Luminary’ and ‘Proclamation’ were consistently among the 
entries with the greatest turf quality each year. Although ‘Barracuda’, ‘Cobra II’ were also 
among the top turf quality scores during 2 of the 3 years. ‘Memorial’ provided high quality turf, 
equivalent to some of the highest performing entries during 2016 and 2018.  Entries with turf 
quality scores consistently lower than the minimal acceptable level included ‘Penncross’, 





Results from this study demonstrate that performance among new bentgrass cultivars 
differ. Improvements in disease tolerance, abiotic stress tolerance, turf density and turf quality 
contribute to overall greater performance and potentially improved sustainability. However, a 
number of the newer cultivars also tend to accumulate greater amounts of thatch than older 
cultivars like Penncross. This presents a significant concern on fairway turf where management 
of organic matter is difficult due to the large acreage.  
In this trial, of the creeping bentgrasses evaluated, ‘Memorial’ demonstrated excellent 
dollar spot tolerance, and good to excellent turf quality. ‘Memorial’ also had less organic matter 
content, and lower thatch thickness compared to creeping bentgrass entries with comparable 
quality and dollar spot tolerance ratings. Colonial bentgrass entries generally performed better 
than creeping bentgrass entries for reduced dollar spot susceptibility and organic matter content. 
These entries also had among the highest ratings for turf quality in 2016 and 2018. ‘Capri’ 
colonial bentgrass alone and as a mixture with ‘Radar’ Chewings fescue maintained very high 
turf quality, very little dollar spot, and low organic matter content. When selecting new 
bentgrasses for fairway use, turf managers should consider differences in thatch and organic 
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Table 3.1. Dollar spot incidence and severity of creeping and colonial bentgrass cultivars and 
mixtures maintained as fairway turf at the Plant Science and Research Education Facility in 
Storrs, CT during 2016, 2017 and 2018.  
 
  Dollar spot incidence†  Dollar spot severity 
Entry Species 2016  2017 2018 
  % plot area blighted  ------------ # foci 2.3 m-2 ------------ 
007 creeping 23.3 e-h‡  20.0 bcd 48.8 a-d 
13M creeping 13.0 h-j  1.8 e 39.5 b-f 
Barracuda creeping 33.8 d-g  8.3 de 51.3 abc 
Cobra II creeping 58.8 ab  24.3 bc 50.0 abc 
Declaration creeping 11.0 h-j  0.5 e 19.8 efg 
Focus creeping 40.0 cde  24.0 bc 42.3 b-e 
Luminary creeping 26.3 e-h  10.0 de 31.3 c-g 
MacKenzie creeping 45.0 bcd  60.5 a 74.8 a 
Memorial creeping 18.0 g-j  2.8 e 28.3 c-g 
Ninety-six Two creeping 36.3 def  17.0 cd 51.3 abc 
Penncross creeping 67.5 a  17.5 cd 47.0 a-e 
PennTrio creeping 53.8 abc  18.3 cd 52.8 abc 
Proclamation creeping 20.0 f-i  2.8 e 32.5 c-g 
Pure Select creeping 57.5 ab  32.8 b 65.3 ab 
Tyee creeping 53.8 abc  20.0 bcd 65.8 ab 
Capri colonial 0.6 j  0.5 e 13.5 fg 
FT-12 colonial 2.4 j  0.5 e 40.8 b-f 














1.3 e 26.0 c-g 
Probability test ----------------------------------P > F---------------------------------- 
ANOVA: Entry  ***§  ** *** 
Planned F-test: creeping vs. colonial¶ ***  *** *** 
† Dollar spot observations occurred on 19 Aug. 2016, 26 July 2017 and 4 Aug. 2018. 
‡ Means within columns followed by the same letter are not statistically different based on Fisher’s 
protected least significant difference test (α = 0.5). 
§ ***, **, *; represents significance at ≤ 0.001, 0.001 and 0.05 levels, respectfully.  
¶ Comparison of the pooled observations of all entries containing creeping bentgrass cultivars versus the 





Table 3.2. Turf quality of creeping and colonial bentgrass cultivars and mixtures maintained as 
fairway turf at the Plant Science and Research Education Facility in Storrs, CT during 2016, 
2017 and 2018.  
 
  Turf Quality 
Entry Species 2016† 2017 2018 
  -------------------------1-9; 6=min acceptable------------------------- 
007 creeping 7.0 a‡ 7.0 a 6.3 abc 
13M creeping 6.0 cde 6.0 bc 6.0 bcd 
Barracuda creeping 6.8 ab 7.3 a 5.8 cde 
Cobra II creeping 6.8 ab 7.0 a 5.8 cde 
Declaration creeping 6.8 ab 7.3 a 6.3 abc 
Focus creeping 4.5 h 4.0 e 4.3 g 
Luminary creeping 6.5 abc 7.3 a 6.3 abc 
MacKenzie creeping 6.0 cde 5.5 cd 4.8 fg 
Memorial creeping 6.3 bcd 6.0 bc 6.5 ab 
Ninety-six Two creeping 5.0 gh 5.5 cd 5.3 ef 
Penncross creeping 5.0 gh 5.0 d 5.5 de 
PennTrio creeping 5.8 def 6.0 bc 5.3 ef 
Proclamation creeping 7.0 a 7.5 a 6.5 ab 
Pure Select creeping 6.5 abc 6.3 b 5.5 de 
Tyee creeping 5.3 fg 5.8 bc 5.3 ef 
Capri colonial 7.0 a 6.3 b 6.5 ab 
FT-12 colonial 6.5 abc 6.3 b 6.3 abc 










5.5 efg 6.3 b 6.0 bcd 
Probability test ----------------------------------P > F---------------------------------- 
ANOVA: Entry  ***§ *** *** 
Planned F-test: creeping vs. colonial¶ ** NS ** 
† Data presented are means from turf quality observations collected each year of the study between 1 June and 9 
September. 
‡ Means within columns followed by the same letter are not statistically different based on Fisher’s protected 
least significant difference test (α = 0.05). 
§ ***, **, *; represents significance at ≤ 0.001, 0.001 and 0.05 levels, respectfully.  
¶ Comparison of the pooled observations of all entries containing creeping bentgrass cultivars versus the pooled 




















































































































Figure 3.1. Creeping bentgrass and colonial bentgrass species-level comparisons for organic 
matter content (2016-18, pooled), A; thatch thickness (2016-18, pooled), B; dollar spot 
incidence, C; dollar spot severity, D; and turf quality, E. of fairway turf at the Plant Science and 
Research Education Facility in Storrs, CT during 2016, 2017 and 2018. Significant differences 
are denoted on the creeping bentgrass column with ***, **, * designating significance at the 






Figure 3.2. Organic matter content of creeping and colonial bentgrass entries at the Plant Science 
and Research Education Facility in Storrs, CT during 2016, 2017 and 2018.  Gray colored 
columns represent colonial bentgrass entries and black columns represent creeping bentgrass 
entries or mixtures.  Columns under horizontal error bars followed by the same letter are not 



































































































































Figure 3.3. Thatch thickness of creeping and colonial bentgrass entries at the Plant Science and 
Research Education Facility in Storrs, CT during 2016, 2017 and 2018.  Gray colored columns 
represent colonial bentgrass entries and black columns represent creeping bentgrass entries or 
mixtures.  Columns under horizontal error bars followed by the same letter are not statistically 








































































































































Table 4.1. Creeping bentgrass and annual bluegrass population counts ANOVA for pre-plant eradicant and renovation month effect on a creeping bentgrass 
fairway turf renovation in Storrs, CT during 2017 and 2018. 
 Population Counts 
 2017  2018 
 8WASE† May 2018  8WASE May 2019 
Source of variation ABG CBG ABG  ABG CBG ABG 
 ---------------------------------------------- P > F ---------------------------------------------- 
Pre-plant eradicant (E) ** ** **  NS ** * 
Renovation month (M) *** NS **  . *** ** 
E × M * NS NS  . NS NS 
Post-seeding herbicide (H) *** *** ***  NS *** *** 
E × H NS NS *  NS NS ** 
M × H ** ** ***  . *** *** 
E × M × H NS * *  . NS NS 
* Significant at the 0.05 probability level.  
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level.  













Table 4.2. Annual bluegrass population on 19 May 2018 influenced by renovation month, pre-plant eradicant and post-seeding herbicide following 
2017 fairway renovations in Storrs, Connecticut.  
   Annual Bluegrass Population on 19 May 2018 
   July renovation  August renovation  September renovation 
Post-seeding 
herbicide  Rate Interval 
glyphosate glyphosate 
+ dazomet 
 glyphosate glyphosate 
+ dazomet 
 glyphosate glyphosate 
+ dazomet 
 kg ha-1  ---------------------------------------------------------- percent plot area --------------------------------------------------------- 
no herbicide - - 
44.18 a‡A§y¶ 32.91 aAz 
 
68.09 abAz 39.73 aBz 
  
66.91 aAz 34.09 aBz 
ethofumesate 0.63 3 + 6 WASE† 41.73 aAy 21.82 abBz  64.09 abAz 30.73 aBz  17.45 deAx 8.64 bAy 
ethofumesate 0.84 3 + 6 WASE 40.91 aAy 29.36 abAz  57.64 bAz 31.00 aBz  8.55 eAx 0.82 bAy 
bispyribac-sodium 0.04 3 + 5 WASE 9.64 bAz 1.91 cAz  5.91 dAz 0.36 bAz  7.00 eAz 0.91 bAz 
bensulide 8.4 2 WASE 43.00 aAy 20.46 bBy  70.55 aAz 39.09 aBz  53.73 bAy 32.73 aBzy 






4 WASE; 14-d 2.46 bAy 0.27 cAz 
 
18.36 cAz 2.73 bBz 
 
24.09 cdAz 3.82 bBz 
†Weeks after seed emergence; WASE. 
‡Means followed by the same early alphabet lowercase letter within each renovation month and pre-plant eradicant columns are not statistically different based on 
Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-seeding herbicide and renovation month are not statistically different based on Fisher’s protected 
LSD (α = 0.05). 
¶Means followed by the same late alphabet lowercase letter within each pre-plant eradicant over each renovation month and post-seeding herbicide are not 











Table 4.3. Annual bluegrass population on 20 May 2019 influenced by renovation month and post-seeding herbicide following the 2018 fairway 
renovations in Storrs, Connecticut.  
  Annual Bluegrass Population on 20 May 2019 
  Renovation month 
Post-seeding herbicide Rate Interval July August September 
 kg ha-1  ------------------- percent plot area ------------------- 
no herbicide - - 27.0 a‡A§ 28.8 aA 19.3 aB 
ethofumesate 0.63 3 + 6 WASE† 25.6 aA 25.4 abA 6.0 cB 
ethofumesate 0.84 3 + 6 WASE 26.3 aA 22.1 bA 2.9 cdB 
bispyribac-sodium 0.04 3 + 5 WASE 2.4 bA 1.6 eA 0.5 dA 
bensulide 8.4 2 WASE 23.4 aB 29.5 aA 14.3 bC 






4 WASE; 14-d 2.4 bC 10.7 dB 18.3 abA 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different 
based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each herbicide are not statistically different based on 
Fisher’s protected LSD (α = 0.05). 
 
Table 4.4. Annual bluegrass population on 20 May 2019 influenced by renovation month and pre-plant eradicant following the 2018 fairway 
renovations in Storrs, Connecticut.  
 Annual Bluegrass Population on 20 May 2019 
  Renovation month 
Pre-plant eradicant         Rate July August September 
 kg ha-1 --------------------- percent plot area ---------------------- 
glyphosate 3.39 17.4 a†A‡ 22.1 aA 15.8 aA 
glyphosate 
+ dazomet 
   3.39 
290 
13.9 aA 16.6 aA 6.9 bB 
†Means followed by the same lowercase letter within each renovation month are not 
statistically different based on Fisher’s protected LSD (α = 0.05). 
‡Means followed by the same uppercase letter within each pre-plant eradicant are not 




Table 4.5. Creeping bentgrass population at 8 weeks after seed emergence influenced by renovation month, pre-plant eradicant and post-plant 
herbicide following the 2017 fairway renovations in Storrs, Connecticut.  
   Creeping Bentgrass Population at 8 Weeks after Seed Emergence in 2017 
   July renovation  August renovation  September renovation 
Post-seeding 
herbicide  Rate Interval 
glyphosate glyphosate 
+ dazomet 
 glyphosate glyphosate 
+ dazomet 
 glyphosate glyphosate 
+ dazomet 
 kg ha-1  ---------------------------------------------------------- percent plot area --------------------------------------------------------- 
no herbicide - - 59.09 c‡B§y¶ 74.81 bAy  63.81 dBy 74.81 cAy  72.18 abBz 83.36 abAz 
ethofumesate 0.63 3 + 6 WASE† 69.00 bBy 85.72 aAz  78.63 abAz 86.09 abAz  72.54abBzy 84.00 abAz 
ethofumesate 0.84 3 + 6 WASE 67.45 bBy 84.27 aAz  75.0 abcBz 84.99 abAz  76.27 aBz 86.91 abAz 
bispyribac-sodium 0.04 3 + 5 WASE 82.91 aAz 89.72 aAz  81.27 aBz 91.81 aAz  65.63 bBy 87.54 abAz 
bensulide 8.4 2 WASE 70.09 bBy 96.09 aAz  69.27 cdBy 81.09 bcAz  77.45 aAz 81.54 bAz 






4 WASE; 14-d 67.27 bBz 86.45 aAz 
 
74.09 bcBz 86.45 abAz 
 
71.45 abBz 87.81 abAz 
†Weeks after seed emergence; WASE. 
‡Means followed by the same early alphabet lowercase letter within each renovation month and pre-plant eradicant columns are not statistically different based on 
Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-seeding herbicide and renovation month are not statistically different based on Fisher’s protected 
LSD (α = 0.05). 
¶Means followed by the same late alphabet lowercase letter within each pre-plant eradicant over each renovation month and post-seeding herbicide are not 











Table 4.6. Creeping bentgrass population at 8 weeks after seed emergence influenced by renovation month and post-plant herbicide following the 
2018 fairway renovations in Storrs, Connecticut.  
  Creeping Bentgrass Population at 8 Weeks after Seed Emergence in 2018 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------- percent plot area ------------------- 
no herbicide - - 85.28 a‡A§ 78.87 cAB 73.23 aB 
ethofumesate 0.63 3 + 6 WASE† 86.27 aA 81.00 abcA 69.45 aB 
ethofumesate 0.84 3 + 6 WASE 86.41 aA 80.91 bcA 71.05 aB 
bispyribac-sodium 0.04 3 + 5 WASE 90.00 aA 85.32 abA 17.7 bB 
bensulide 8.4 2 WASE 88.27 aA 83.86 abcA 71.91 aB 






4 WASE; 14-d 
86.46 aA 87.23 aA 69.32 bB 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different based on Fisher’s 
protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically different based on Fisher’s 












Table 4.7. Annual bluegrass population at 8 weeks after seed emergence influenced by renovation month and pre-plant eradicant following the 
2017 fairway renovations in Storrs, Connecticut. 
 Annual Bluegrass at 8 Weeks after Seed Emergence in 2017 
 Renovation month 
Pre-plant eradicant Rate July August September 
 kg ha-1 --------------------- percent plot area ---------------------- 





13.87 bA 14.93 bA 10.92 bB 
†Means followed by the same lowercase letter within each renovation month are not 
statistically different based on Fisher’s protected LSD (α = 0.05). 
‡Means followed by the same uppercase letter within each herbicide treatment are not 
statistically different based on Fisher’s protected LSD (α = 0.05). 
 
Table 4.8. Annual bluegrass population at 8 weeks after seed emergence influenced by renovation month and post-plant herbicide following the 
2017 fairway renovations in Storrs, Connecticut. 
  Annual Bluegrass at 8 Weeks after Seed Emergence in 2017 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------- percent plot area ------------------- 
no herbicide - - 30.63 a‡A§ 24.72 aA 20.09 aB 
ethofumesate 0.63 3 + 6 WASE† 20.99 bA 19.36 cA 13.77 bcB 
ethofumesate 0.84 3 + 6 WASE 21.23 bA 16.86 cB 12.05 cdC 
bispyribac-sodium 0.04 3 + 5 WASE 12.73 cA 11.82 dA 8.05 dB 
bensulide 8.4 2 WASE 19.91 bB 24.09 bA 17.59 aB 






4 WASE; 14-d 
12.73 cA 19.14 cA 16.55 abcA 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different based 
on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically different based 




Table 4.9. Turf quality ANOVA for pre-plant eradicant, renovation month and post-seeding herbicide effect on a creeping bentgrass fairway turf renovation in 
Storrs, CT during 2018. 
 Fairway Turf Quality 
Source of variation 5 WAS† 6 WAS 7 WAS 8 WAS 9 WAS 
 ---------------------------------------------- P > F ---------------------------------------------- 
Pre-plant eradicant (E) * * ** * * 
Renovation month (M) *** *** *** *** *** 
E × M NS NS NS NS NS 
Post-seeding herbicide (H) *** *** *** *** *** 
E × H NS NS NS NS NS 
M × H *** ** *** *** *** 
E × M × H NS NS NS NS NS 
* Significant at the 0.05 probability level.  
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level.  















Table 4.10. Fairway turf quality at 5 weeks after seeding for renovation month and post-seeding herbicide effect on a creeping bentgrass fairway turf renovation 
in Storrs, CT during 2018. 
  5 Weeks after Seeding 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------ turf quality (1-9, min=5) ------------------- 
no herbicide - - 6.13 a‡B§ 8.9 abA 5.13 aC 
ethofumesate 0.63 3 + 6 WASE† 5.88 abB 7.89 cdA 4.88 aC 
ethofumesate 0.84 3 + 6 WASE 5.5 bB 7.75 dA 5.25 aB 
bispyribac-sodium 0.04 3 + 5 WASE 4.63 cB 5.63 eA 5.0 aAB 
bensulide 8.4 2 WASE 5.75 abB 8.38 bcA 4.75 aC 






4 WASE; 14-d 5.5 bB 8.00 cdA 5.13 aB 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different 
based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically different 













Table 4.11. Fairway turf quality at 6 weeks after seeding for renovation month and post-seeding herbicide effect on a creeping bentgrass fairway turf renovation 
in Storrs, CT during 2018. 
  6 Weeks after Seeding 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------ turf quality (1-9, min=5) ------------------- 
no herbicide - - 6.9 ab‡B§ 8.0 aA 6.0 aC 
ethofumesate 0.63 3 + 6 WASE† 7.1 aA 7.9 aA 5.9 aB 
ethofumesate 0.84 3 + 6 WASE 6.5 abAB 7.0 bA 5.9 aB 
bispyribac-sodium 0.04 3 + 5 WASE 5.4 dAB 6.1 cA 5.0 bB 
bensulide 8.4 2 WASE 6.5 abB 7.9 aA 5.8 aB 






4 WASE; 14-d 5.6 cdB 8.0 aA 5.8 aB 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different 
based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically different 












Table 4.12. Fairway turf quality at 7 weeks after seeding for renovation month and post-seeding herbicide effect on a creeping bentgrass fairway turf renovation 
in Storrs, CT during 2018. 
  7 Weeks after Seeding 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------ turf quality (1-9, min=5) ------------------- 
no herbicide - - 7.8 a‡A§ 8.0 abA 5.8 aB 
ethofumesate 0.63 3 + 6 WASE† 8.3 aA 7.8 abcA 5.6 abB 
ethofumesate 0.84 3 + 6 WASE 7.9 aA 7.4 cA 5.5 abB 
bispyribac-sodium 0.04 3 + 5 WASE 5.9 cA 4.8 dB 2.0 cC 
bensulide 8.4 2 WASE 7.8 aA 8.1 aA 5.4 abB 






4 WASE; 14-d 6.9 bB 7.8 abcA 5.5 abC 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different 
based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically different 













Table 4.13. Fairway turf quality at 8 weeks after seeding for renovation month and post-seeding herbicide effect on a creeping bentgrass fairway turf renovation 
in Storrs, CT during 2018. 
  8 Weeks after Seeding 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------ turf quality (1-9, min=5) ------------------- 
no herbicide - - 9.0 a‡A§ 8.5 abA 7.0 abB 
ethofumesate 0.63 3 + 6 WASE† 9.0 aA 8.6 aA 7.1 aB 
ethofumesate 0.84 3 + 6 WASE 9.0 aA 8.1 abB 6.5 bcC 
bispyribac-sodium 0.04 3 + 5 WASE 9.0 aA 7.3 cB 2.4 dC 
bensulide 8.4 2 WASE 8.9 aA 8.5 abA 6.6 abcB 






4 WASE; 14-d 8.8 aA 8.0 bB 6.8 abcC 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different 
based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically different 













Table 4.14. Fairway turf quality at 9 weeks after seeding for renovation month and post-seeding herbicide effect on a creeping bentgrass fairway turf renovation 
in Storrs, CT during 2018. 
  9 Weeks after Seeding 
  Renovation month 
Post-seeding 
herbicide 
Rate Interval July August September 
 kg ha-1  ------------------ turf quality (1-9, min=5) ------------------- 
no herbicide - - 8.9 a‡A§ 8.5 abA 7.6 aB 
ethofumesate 0.63 3 + 6 WASE† 8.9 aA 8.6 aA 7.5 aB 
ethofumesate 0.84 3 + 6 WASE 8.9 aA 8.1 abB 7.3 aC 
bispyribac-sodium 0.04 3 + 5 WASE 8.9 aA 7.3 cB 3.5 bC 
bensulide 8.4 2 WASE 8.9 aA 8.5 abA 7.5 aB 






4 WASE; 14-d 7.6 bA 8.0 bA 7.5 aA 
†Weeks after seed emergence; WASE. 
‡Means followed by the same lowercase letter within each renovation month are not statistically different 
based on Fisher’s protected LSD (α = 0.05). 
§Means followed by the same uppercase letter within each post-plant herbicide are not statistically different 














Figure 4.15. Turf Quality of Creeping Bentgrass (Agrostis stolonifera L.) and Colonial Bentgrass (Agrostis capillaris L.) Cultivars Maintained as 
Fairway Turf. 
  Turf quality 
  2016  2017  2018 
Entry Species 13 Jun 9 Jul 1 Aug 27 Sept  16 May 9 June  18 Jun 6 Jul 20 Jul 4 Aug 21 Aug 
  ----------------------------------------------------------- 1-9; 6=min acceptable ------------------------------------------------------- 
007 creeping 5.0 a† 5.5 a-d 6.3 abc 6.0 abc  7.3 bcd 8.0 a  6.3 bcd 7.3 abc 7.3 abc 6.5 ab 5.5 cde 
MacKenzie creeping 3.0 d 4.0 e 5.5 cd 5.0 ef  6.0 fgh 6.8 c-f  4.0 gh 6.0 ef 5.3 fg 4.5 ef 4.0 fg 
Memorial creeping 4.8 ab 6.3 ab 6.5 abc 5.0 ef  6.0 fgh 6.5 def  6.3 bcd 7.3 abc 7.8 a 6.5 ab 6.3 a-d 
Penncross creeping 3.5 bcd 5.0 b-e 4.8 de 5.0 ef  5.3 hi 5.3 gh  4.3 fgh 7.3abc 6.5 cde 4.8 def 5.3 de 
PennTrio creeping 3.5 bcd 4.0 e 4.8 de 5.3 def  5.8 ghi 6.8 c-f  5.5 cde 6.5 cde 6.3 de 5.3 cde 4.8 ef 
Cobra II creeping 4.0 a-d 5.3 b-e 6.0 bc 5.5 cde  7.8 ab 7.5 abc  6.3 bcd 7.0 a-d 7.0 a-d 5.8 a-d 5.3 de 
13-M creeping 4.5 abc 5.8 abc 6.5 abc 5.5 cde  6.3 efg 6.5 def  5.0 efg 6.5 cde 6.5 cde 5.8 a-d 4.8 ef 
Tyee creeping 4.0 a-d 4.3 de 5.8 cd 4.8 fg  5.8 ghi 6.0 fg  5.3 def 7.0 a-d 6.3 de 5.0 c-f 5.3 de 
Declaration creeping 4.0 a-d 5.5 a-d 6.5 abc 5.8 bcd  7.3 bcd 7.5 abc  6.5 abc 7.3 abc 7.5 ab 6.5 ab 5.8 b-e 
Ninety-six Two creeping 3.0 d 4.8 cde 4.8 de 4.3 gh  5.0 i 6.3 ef  5.3 def 6.3 de 6.8 b-e 5.0 c-f 4.8 ef 
Pure Select creeping 4.5 abc 5.0 b-e 5.5 cd 5.8 bcd  7.8 ab 6.3 ef  5.3 def 6.5 cde 6.0 ef 5.5 b-e 5.3 de 
Proclamation creeping 5.3 a 6.3 ab 6.5 abc 6.3 ab  8.3 a 7.8 ab  7.5 a 7.0 a-d 7.0 a-d 6.8 a 5.5 cde 
Luminary creeping 4.8 ab 5.8 abc 7.3 a 6.0 abc  7.0 b-e 7.3 a-d  6.8 ab 7.8 a 7.5 ab 6.0 abc 5.8 b-e 
Barracuda creeping 4.3 a-d 5.3 b-e 6.0 bc 6.0 abc  7.8 ab 8.0 a  7.0 ab 6.8 b-e 6.5 cde 6.0 abc 5.3 de 
Focus creeping 3.3 cd 4.0 e 4.0 e 4.0 h  3.5 j 4.5 h  4.0 gh 5.3 f 5.0 g 4.0 f 3.5 g 
Greentime colonial 3.3 cd 4.8 cde 5.8 cd 6.0 abc  6.5 d-g 6.3 ef  3.8 h 6.3 de 6.0 ef 5.0 c-f 5.5 cde 
FT-12 colonial 5.0 a 5.8 abc 7.0 ab 6.3 ab  6.8 c-f 6.5 def  5.0 efg 7.3 abc 6.8 b-e 6.8 a 6.8 ab 










4.0 a-d 5.8 abc 7.3 a 6.0 abc  7.0 b-e 6.8 c-f  5.0 efg 6.5 cde 6.5 cde 5.5 b-e 6.8 ab 
ANOVA: Treatment (P > F) ‡ * ** *** ***  *** ***  *** ** *** *** *** 
†Means followed by the same lowercase letter within each renovation timing are not statistically different based on Fisher’s protected LSD (α = 0.05). 






Figure 4.16. Dollar spot and Brown Patch Disease Incidence and Severity of Creeping Bentgrass (Agrostis stolonifera L.) and Colonial Bentgrass 
(Agrostis capillaris L.) Cultivars Maintained as Fairway Turf. 
  Creeping bentgrass disease 
  Dollar spot  Brown patch 
Entry Species 2016 2017 2018  2016 2017 2018 
  1 Aug 19 Aug 26 Jul 12 Jun 18 Jun 4 Aug 21 Aug  9 Jul 1 Aug 26 Jul 4 Aug 
  (%) plot area blighted ------------------------- % foci 2.3 m-2 -----------------------  ---------- (%) plot area blighted -------- 
007 creeping 8.0 c-f† 23.3 e-h 20.0 bcd 3.3 bcd 12.3 b-f 48.8 a-d 40.3 cde  0.0 c 8.8 cd 1.3 b 0.5 b 
MacKenzie creeping 15.0 a-d 45.0 bcd 60.5 a 12.3 a 43.0 a 74.8 a 78.5 a  0.0 c 0.0 d 5.0 b 0.0 b 
Memorial creeping 6.0 def 18.0 g-j 2.8 e 0.8 cd 2.8 f 28.3 c-g 17.0 fg  0.0 c 0.0 d 3.8 b 0.0 b 
Penncross creeping 25.5 a 67.5 a 17.5 cd 1.0 cd 7.0 def 47.0 a-e 31.2 def  0.0 c 0.0 d 6.3 b 4.5 b 
PennTrio creeping 22.8 ab 53.8 abc 18.3 cd 2.3 bcd 17.5 bcd 52.8 abc 55.8 bc  0.0 c 0.0 d 7.3 b 3.0 b 
Cobra II creeping 19.5 ab 58.8 ab 24.3 bc 3.8 bcd 17.3 bcd 50.0 abc 45.3 b-e  0.0 c 0.8 d 0.5 b 0.0 b 
13-M creeping 5.8 def 16.8 g-k 1.8 e 0.5 d 1.0 f 39.5 b-f 17.8 fg  0.0 c 0.0 d 21.3 b 4.0 b 
Tyee creeping 22.0 ab 53.8 abc 20.0 bcd 5.3 bcd 15.8 b-e 65.8 ab 48.3 bcd  0.0 c 0.0 d 5.5 b 0.0 b 
Declaration creeping 2.8 ef 11.0 h-k 0.5 e 0.3 d 1.0 f 19.8 efg 17.5 fg  0.0 c 9.3 cd 15.5 b 0.0 b 
Ninety-six Two creeping 16.8 abc 36.3 def 17.0 cd 4.0 bcd 16.8 bcd 51.3 abc 44.8 b-e  0.0 c 0.0 d 5.3 b 0.0 b 
Pure Select creeping 18.0 abc 58.5 ab 32.8 b 5.8 bc 23.5 b 65.3 ab 40.3 cde  0.0 c 0.0 d 3.8 b 0.0 b 
Proclamation creeping 7.8 c-f 20.0 f-i 2.8 e 0.8 cd 4.0 f 32.5 c-g 13.0 fg  0.0 c 6.8 cd 6.3 b 0.0 b 
Luminary creeping 7.5 c-f 26.3 e-h 10.0 de 0.8 cd 6.3 def 31.3 c-g 26.5 ef  0.0 c 0.0 d 4.3 b 2.0 b 
Barracuda creeping 12.3 b-e 33.8 d-g 8.3 de 2.8 bcd 19.8 bc 51.3 abc 41.8 b-e  0.0 c 1.8 cd 4.3 b 0.0 b 
Focus creeping 17.0 abc 40.0 cde 24.0 bc 6.8 b 15.5 b-e 42.8 b-e 61.2 ab  1.0 c 0.0 d 21.8 b 0.0 b 
Greentime colonial 6.0 def 3.5 ijk 0.8 e 4.0 bcd 20.0 bc 21.3 d-g 15.3 fg  10.8 b 32.5 b 70.8 a 16.8 ab 
FT-12 colonial 1.3 f 2.4 jk 0.5 e 2.5 bcd 5.0 ef 40.8 b-f 6.0 g  18.8 a 33.0 b 55.0 a 3.0 b 










2.0 ef 1.5 jk 1.3 e 4.8 bcd 9.0 c-f 26.0 c-g 1.3 g  0.0 c 6.0 cd 63.8 a 25.2 a 
ANOVA: Treatment (P > F) ‡ *** *** *** ** *** ** ***  *** *** *** ** 
†Means followed by the same lowercase letter within each renovation timing are not statistically different based on Fisher’s protected LSD (α = 0.05). 






Figure 4.17. Percent Green Cover of Creeping Bentgrass (Agrostis stolonifera L.) and Colonial Bentgrass (Agrostis capillaris L.) Cultivars 
Maintained as Fairway Turf. 
  Green Cover 
  2016  2017  2018 
Entry Species 16 May 20 Jun 27 Sept  18 Apr 12 May  12 Jun 5 Jul 20 Jul 3 Aug 
  --------------------------- percent (%) -------------------------- 
007 creeping 47.3 cde† 98.9 ab 99.9  84.4 d-g 93.2 a  88.9 96.5 abc 88.5 92.6 
MacKenzie creeping 35.3 hi 97.5 def 99.9  90.3 a-e 83.6 bc  90.9 94.9 bcd 87.3 94.7 
Memorial creeping 37.6 gh 97.6 c-f 99.9  90.0 a-e 81.7 c  90.3 94.9 bcd 88.7 90.7 
Penncross creeping 35.8 hi 91.1 ef 99.9  84.7 d-g 72.0 d  93.2 93.3 de 88.5 94.7 
PennTrio creeping 38.4 fgh 97.8 b-e 99.9  83.3 d-g 61.8 e  84.7 91.1 e 88.7 93.1 
Cobra II creeping 44.8 def 98.7 abc 99.9  84.7 d-g 91.2 ab  90.0 97.1 abc 85.7 88.7 
13-M creeping 35.1 hi 96.5 f 99.9  88.9 a-f 80.9 c  89.7 92.9 de 89.3 95.4 
Tyee creeping 34.6 hi 97.6 c-f 99.9  83.5 d-g 71.9 d  90.5 93.5 de 89.3 89.8 
Declaration creeping 53.9 abc 98.5 a-d 99.9  80.6 fg 94.6 a  92.6 97.3 ab 90.9 95.5 
Ninety-six Two creeping 28.9 i 97.3 ef 99.9  86.7 c-g 66.6 de  91.0 94.5 cd 87.3 89.1 
Pure Select creeping 52.5 bc 98.9 a 99.9  80.3 g 95.8 a  93.9 97.2 ab 91.9 96.6 
Proclamation creeping 59.6 a 99.3 a 99.9  82.4 efg 95.4 a  92.3 98.7 a 87.3 93.3 
Luminary creeping 52.6 bc 98.9 a 100.0  91.3 a-d 93.8 a  91.2 97.9 a 86.1 93.8 
Barracuda creeping 54.6 ab 99.1 a 99.9  90.0 a-e 94.4 a  92.9 96.5 abc 88.5 94.7 
Focus creeping 12.6 j 91.6 g 99.8  87.5 b-g 40.5 f  92.5 88.1 f 89.1 96.5 
Greentime colonial 54.6 ab 98.8 ab 99.9  88.8 a-g 91.9 a  90.9 96.3 abc 89.3 93.7 
FT-12 colonial 51.6 bcd 98.8 ab 99.9  95.2 abc 96.1 a  89.2 97.1 abc 88.6 86.0 




Chewings fescue 43.7 efg 99.3 a 99.9 
 
95.7 ab 97.6 a 
 




perennial ryegrass 36.5 h 97.2 ef 99.8 
 
96.1 a 97.5 a 
 
90.9 96.6 abc 87.4 91.5 
ANOVA: Treatment (P > F) ‡ *** *** NS  ** ***  NS *** NS NS 
†Means followed by the same lowercase letter within each renovation timing are not statistically different based on Fisher’s protected LSD (α = 0.05). 







Figure 4.18. Dark Green Color Index of Creeping Bentgrass (Agrostis stolonifera L.) and Colonial Bentgrass (Agrostis capillaris L.) Cultivars 
Maintained as Fairway Turf. 
  Dark Green Color Index 
  2016  2018 
Entry Species 16 May 20 Jun 27 Sept  12 Jun 5 Jul 20 Jul 3 Aug 
  --------------------------------------------------- index ---------------------------------------------------- 
007 creeping 0.340 cd† 0.320 a 0.438 ab  0.430 0.468 ab 0.448 0.468 
MacKenzie creeping 0.332 e 0.308 cd 0.420 d  0.438 0.460 bcd 0.450 0.488 
Memorial creeping 0.332 e 0.313 a-d 0.433 bc  0.435 0.465 abc 0.455 0.465 
Penncross creeping 0.338 cde 0.315 abc 0.425 cd  0.423 0.465 abc 0.455 0.478 
PennTrio creeping 0.350 a 0.318 ab 0.445 a  0.420 0.458 b-e 0.448 0.465 
Cobra II creeping 0.348 ab 0.315 abc 0.428 bcd  0.433 0.463 bc 0.453 0.478 
13-M creeping 0.333 e 0.310 bcd 0.430 bcd  0.443 0.458 b-e 0.450 0.485 
Tyee creeping 0.338 cde 0.305 d 0.423 cd  0.438 0.455 cde 0.450 0.470 
Declaration creeping 0.335 de 0.312 a-d 0.438 ab  0.440 0.463 bc 0.453 0.478 
Ninety-six Two creeping 0.335 de 0.308 cd 0.430 bcd  0.430 0.463 bc 0.450 0.448 
Pure Select creeping 0.348 ab 0.315 abc 0.430 bcd  0.438 0.458 b-e 0.450 0.478 
Proclamation creeping 0.338 cde 0.318 ab 0.428 bcd  0.440 0.475 a 0.448 0.473 
Luminary creeping 0.343 bc 0.320 a 0.448 a  0.435 0.475 a 0.443 0.475 
Barracuda creeping 0.340 cd 0.315 abc 0.433 bc  0.433 0.455 cde 0.448 0.480 
Focus creeping 0.315 f 0.280 f 0.390 e  0.450 0.438 f 0.445 0.473 
Greentime colonial 0.335 de 0.315 abc 0.388 e  0.443 0.475 a 0.448 0.483 
FT-12 colonial 0.318 f 0.310 bcd 0.375 fg  0.438 0.458 b-e 0.448 0.468 




Chewings fescue 0.308 g 0.293 e 0.368 gh 
 




perennial ryegrass 0.318 f 0.305 d 0.380 ef 
 
0.443 0.450 de 0.448 0.475 
ANOVA: Treatment (P > F) ‡ *** *** ***  NS *** NS NS 
†Means followed by the same lowercase letter within each renovation timing are not statistically different based on Fisher’s protected LSD (α =     
0.05). 






Figure 4.19. Annual bluegrass (Poa annua L.) Percent Contamination in Creeping Bentgrass (Agrostis stolonifera L.) and Colonial Bentgrass 
(Agrostis capillaris L.) Cultivars Maintained as Fairway Turf. 
  Annual bluegrass 
  2016 2017 2018 
Entry Species 16 May 22 May 19 May 
  ------------------------------ percent plot area ----------------------------- 
007 creeping 8.8 a-e† 2.1 ghi 1.2 f 
MacKenzie creeping 5.0 e-h 3.8 c-h 5.8 bc 
Memorial creeping 10.1 abc 2.5 f-i 2.8 c-f 
Penncross creeping 10.2 abc 6.9 ab 5.4 b-e 
PennTrio creeping 8.3 a-f 5.3 b-f 5.1 b-e 
Cobra II creeping 10.8 ab 3.0 e-i 3.5 b-f 
13-M creeping 8.5 a-e 2.6 f-i 7.0 b 
Tyee creeping 5.9 d-h 3.5 c-i 1.7 ef 
Declaration creeping 10.5 abc 1.7 ghi 1.8 def 
Ninety-six Two creeping 6.6 c-h 3.4 e-i 2.5 c-f 
Pure Select creeping 9.8 a-d 4.3 b-g 5.7 bcd 
Proclamation creeping 10.5 abc 1.1 hi 2.9 c-f 
Luminary creeping 7.2 b-g 2.6 f-i 2.4 c-f 
Barracuda creeping 7.9 a-g 1.0 i 0.8 f 
Focus creeping 4.3 f-h 5.7 b-e 3.6 b-f 
Greentime colonial 9.2 a-e 8.5 a 15.8 a 
FT-12 colonial 11.5 a 6.3 abc 3.8 b-f 








perennial ryegrass 3.9 gh 5.9 a-d 4.6 b-f 
ANOVA: Treatment (P > F) ‡ ** *** *** 
†Means followed by the same lowercase letter within each renovation timing are not statistically different based on 
Fisher’s protected LSD (α = 0.05). 
‡ ***, **, *; represents significance at ≤ 0.001, 0.001 and 0.05 levels, respectfully. 
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